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1  3.  ABSTRACT  (MwrTvrn  200  *»ords) 

This  work  involved  the  study  of  defects  in  quartz  crystals,  primarily  by  the  use  of 
electrical  measurements,  viz.  electrical  conductivity  and  dielectric  relaxation  (DR) 
measurements.  The  latter  has  turned  out  to  be  a  powerful  tool  since  it  is  capable  of 
detecting  dipolar  defects  that  other  techniques,  e.g.  electron  paramagnetic  resonance 
(EPR)  and  infrared  absorption  (IR),  cannot  detect,  as  well  as  defects  that  EPR  can  also 
measure.  DR  peaks  have  been  observed  that  are  produced  by  Al-Na  defects  in  two  differ¬ 
ent  configurations,  by  Al-hole  defects,  and  by  several  types  of  defects  involving  Fe, 
in  the  case  of  Fe-contain ing  crystals.  In  all  cases,  we  have  worked  to  identify  the 
responsible  defect,  to  correlate  it  with  defects  measured  by  EPR  and  IR  techniques,  and 
to  determine  the  interactions  of  the  defect  with  the  lattice.  Special  attention  has 
also  been  given  to  the  role  of  ionizing  radiation  (X-ray  and  y-rays)  and  of  subsequent 
annealing  on  these  various  defects.  The  role  of  irradiation  is  of  special  importance 
when  quartz  crystals  arc  used  in  hostile  environments. 
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STUD!  OF  IRRADIATION  EFFECTS  IN  QUARTZ  CRTSTALS 
USING  TON-TEMPERATURE  DIELECTRIC  RELAXATION 


S.  Ling  and  A.  S.  Nowick 

Henry  Krunb  School  of  Mines,  Colombia  University 
New  fork,  NT  10027. 


A  study  Is  made  of  Irradiation  effects  on  a-quartz 
crystals  using  the  technique  of  dielectric  loss 
measurements  at  low  temperatures.  Sodium-swept  quartz 
shows  a  pair  of  loss  peaks  (at  30  K  and  75  K  for  a  1 
kHz  frequency)  that  are  due  to  the  Al-Na  defect.  These 
peaks  generally  decrease  after  Irradiation  and  a  new 
"Irradiation  peak"  appears  In  the  range  of  8  to  12  K . 
The  fact  that  this  "Irradiation  peak"  also  appears  In  a 
vacuum  swept  sample  and  In  the  same  proportion  as 
Al-hole  centers  strongly  shows  that  this  peak  Is 
related  to  the  Al-hole  center.  Measurements  of  th“  two 
Al-Na  peaks  and  the  Irradiation  peak  permits  us  to 
follow  defect  changes  In  quartz  as  a  result  of  X-ray 
Irradiation  and  subsequent  annealing.  Restoration  of 
the  main  Al-Na  peak  during  annealing  occurs  In  two 
stages-,  one  near  pOO  K  and  the  other  above  600  X.  A 
defect  model  Interpreting  these  two  stages  Is 
presented. 


Introduction 

The  relation  of  lattice  defects  to  frequency 
Instabilities  of  quartz  crystal  resonators,  both  before 
and  after  Irradiation,  has  been  much  discussed  In  these 
Symposia[1]  and  elsewhere. [2, 3]  The  purpose  of  the 
present  paper  Is  to  show  that  dielectric  loss 
measurements  at  cryogenic  temperatures  constitutes  an 
Important  tool  for  the  study  of  defects  In  quartz. 
Especially  when  used  In  combination  with  other 
techniques,  such  as  Infrared  <IR)  absorption,  electron 
spin  resonance  (ESR)  and  anelastlc  relaxation,  It  Is 
able  to  give  considerable  Information  about  the  defect 
structure  of  quartz  crystals. 

The  principal  defects  presenj  In  as-grown  cultured 
quartz  crystals  cenljgr  about  Al^  Impurities 
substituting  for  SI  .  Because  of  the  charge 
difference,  Ky  ljns  mujt  be  compensated  by  monovalent 
tons,  e.g.  LI  ,  Na  or  H  ,  located  In  Interstitial 
sites  adjacent  to  the  substitutional  Al.  The  Al-Na  pair 
manifests  Itself  strikingly  through  two  dielectric  loss 
peaks  at  30  X  and  75  X  (for  a  frequency  of  1  kHz)  known 
as  the  a  and  0  peaks,  respectl vely . [*1 , 5]  This  defect 
also  produces  an  analogous  pair  of  mechanical  loss,  or 
anelastlc  relaxation,  peaks. [6,7]  It  Is  known  that  the 
a  and  fl  defects  Involve  the  Na  located  on  opposite 
sides  of  the  distorted  A 10y  tetrahedron. [5, 8]  Since  the 
Na  Interstitial  site  Is  located  off  the  two-fold  (C  ) 
sy—iotry  axis  (the  x-axls),  there  are  two  equivalent  a 
sites  and  two  equivalent  8  sites  on  any  one 
tetrahedron,  as  shown  •  -  p!g.  *.  T,.e  dielectric  and 
areiast'-  .-.I’tutlon  processes  are  due  to  the 

reorientation  of  the  Na*  between  either  pair  of 
equivalent  sites.  Since  the  a  site  Is  more  highly 
occupied  than  the  8,  It  Is  reasonable  to  expect  that 
there  Is  a  free  energy  difference,  fig  (>0)  such  that, 
under  equilibrium  conditions  at  temperature  T,  the 


Fig.  1.  Schematic  diagram  showing  the  distorted 

tetrahedron,  the  bjslc  structural  unit  of 
a-quartz,  with  A1J  replacing  SI  .  The 
tetrahedron  contains  a  single  twofold  symmetry 
axis  (in  the  x  direction)  designated  C^.  Also 
shown  are  the  two  equivalent  a-sltes  and  the 
two  equivalent  8-sltjs.  An  Interstitial  Na 
compensating  the  Al-*  will  go  Into  one  of  these 
four  sites. 


occupation  ratio  will  be  given  by: 

N  /N.  -  exp  (Ag/kT)  (1) 

(1  P 

♦ 

In  the  case  of  LI  compensation,  an  Al-Ll  pair  Is 
formed,  but  In  this  case  the  LI  sits  on  the  C,  axis; 
accordingly  no  dielectric  or  anelastlc  relaxation  Is 
Observed .[7 , 8]  Since  LI  Is  present  In  the  mineralizer 
during  growth  of  most  cultured  crystals,  the  Al-Ll 
defect  tends  to  predominate.  However  LI  can  be 
exchanged  for  Na  by  electrodiffusion  or  "sweeping" 
with  a  Na  salt  at  the  anode. [6, 7]  In  such  a  Na-swept 
•ample  moot  Al  lo  In  fhe  form  of  Al-Na  oalrs.  The 
alkalis  can  also  be  replaced  by  H  through  sweeping  tn 
moist  air,  to  produce  A1-0H  centers. 

The  remaining  Important  defects  In  quartz  are  the 
"grown-ln  OH  centers"  which  manifest  themselves 
through  IR  absorption  bands  near  3500  cm  .[9-1 1]  These 
centers  are  different  from  A1-0H,  but  the  nature  of 
these  defect  centers  h-.e  noi.  ye.  beer  ’  1  '.tcv. 

Irradiation  of  quartz  crystals  with  high-energy 
photons  (X-rays  or  T-rays)  produces  large  numbers  of 
electron-hole  pairs.  When  Irradiation  Is  carried  out 
above  200  X,  It  gives  rise  to  changes  In  the  defects, 
such  that  alkjlls  originally  paired  with  Al  are 
replaced  by  H  (as  A1-0H  centers)  or  holes  (to  form 
Al-h  centers).  (The  former  are  detected  by  IR  and  the 


1 


Crystals  used  In  tnis  work. 


latter  By  ESR. [12.131)  In  addition,  upon  Irradiation  a 
dielectric  relaxation  peak  Is  also  observed  near  10  K. 
Originally  this  peak  was  attributed  to  Al-h  centers[l9] 
but  later  results  suggested  that  perhaps  It  might  be 
due  to  an  alkali  center. [15]  To  keep  open  Its  origin, 
we  simply  refer  to  It  as  the  "Irradiation  peak".  In  the 
present  work  we  follow  the  production  of  this  peak  by 
Irradiation  and  Its  disappearance  during  annealing.  At 
the  same  time,  by  using  Na-swept  samples,  we  can  follow 
the  concurrent  changes  in  the  a  and  8  peaks.  In  this 
way,  v<  hope  to  learn  more  about  defect  processes  that 
take  place  during  Irradiation  and  annealing. 

In  addition,  since  Al-h  centers  have  been  found  in 
vacuum-swept  samples  without  lrradlatlonCl 6 ] ,  we  wished 
to  examine  such  samples  to  see  If  the  "Irradiation 
peak"  Is  also  --esent  under  these  conditions.  In  this 
way,  we  have  :pportunlty  to  establish  the  Identity 
of  the  Irradiation  peak. 


Theory 


A  defect  that  has  lower  point  symmetry  than  Its 
host  crystal  has  several  crystallographlcally 
equivalent  orientations,  among  which  It  can  reorient 
pref erentlally  In  the  presence  of  an  electric 
field. [17]  If  a  sinusoidal  electric  field  with  angular 
frequency  w  Is  applied  to  the  system,  the  reorientation 
of  the  defect  among  Its  equivalent  orientations  give 
can  give  rise  to  one  or  more  peaks  In  dielectric  loss, 
tan  4,  which  obey  the  Debye  equation: 

tan  4  -  e"/c'  *  ( 4c/c-) .  (ojt/1  ♦u2-!2)  (2) 


where  c",  c'  are  the  Imaginary  and  real  parts  of  the 
complex  dielectric  constant,  c_  the  high  frequency 
dielectric  constant,  4e  the  relaxation  of  the 
dielectric  constant,  and  x  the  relaxation  time,  often 
given  by: 

x"'  -  ug.exp(-E/kT)  (3) 

Here  E  Is  the  activation  enthalpy,  kT  Its  usual 
meaning,  and  v  the  pre-exponentlal  factor.  For  a 
field  parallel °to  the  z-dlrectlon  (the  c-axls),  the 
maximum  peak  height  Is  given  by: 

tan  4  -  4c/2e  -  N.u,2/2e  kT  (9) 

max  •  <3  3  o 

where  N^  is  the  concentration  of  the  defect  (In 
number/volume) ,  u.  Is  the  component  of  the  defect 
dipole  moment  In  the  z-dlrectlon,  and  cQ  Is  the 
permittivity  of  free  space. 


For  the  Al-Na  defect  In  quartz  crystal,  as  already 
mentioned,  two  Debye  peaks  denoted  as  the  a  and  B  peaks 
are  observed.  A  useful  and  measurable  quantity,  the 
ratio  of  the  a  to  8  peak  heights,  can  be  deduced  from 
equation  (A)  to  be: 


R  -  tan  «_  /tan  4 

max  max 


-  lVV-<YTaMu3a/u3B)2 


(5) 


where  T  and  T  are  the  two  peak  temperatures ,  and  u, 

Q  0  j 

and  are  the  respective  z-component  of  the  dipole 

moments.  Previous  work  showed  that  T./T  -  75/30  while 

8  a 

Uj°/u^  *  0.5(t  0.1). [8]  Thus,  from  the  ratio  R,  -e  can 

obtain  N  /N  ,  but  In  absolute  accuracy  only  to  wit -In 

t  m.  08 


Table  I. 


Oeslgnatl on  Source  A1  content  (per a) 


PQE 

Sawyer  Co.  (U.S.) 

17 

QA26 

U.S. 

Air  F^rce  RADC 

55 

H29-19 

U.S. 

Air  Force  RADC 

4 

NQ 

Natural  (U.S.) 

53 

Experimental  Details 


Crystals  Used 

Various  cultured  and  a  natural  crystals  were  u3ed 
In  this  study.  The  different  crystals  used,  with  their 
designations  and  sources,  are  listed  In  Table  I.  The 
A1  contents,  given  In  the. last  column,  were  obtained 
from  the  heights  of  the  AlSNa  dielectric  loss  peak 
helght3[8],  except  that  for  the  vacuum  swept  H29-19 
which  was  obtained  from  ESR  measurement  made  by 
Halliburton  at  Okalahoma  State  Uni verslty .[ 1 6] 

Na  -sweeping  of  the  crystals  were  carried  out  at 
Okalahoma  State  by  Martin,  and  vacuum  sweeping  was 
carried  out  at  RADC ,  Hanscom  AF9. 

All  samples  were  cut  w^th  cross  section  of 
approximately  1.0  x  1.0  cni  and  thickness  of 
approximately  1  mm,  the  latter  dimension  being  parallel 
to  the  c-axls. 

Irradiation  and  Measurement 


Samples  were  Irradiated  at  room  temperature  with 
X-rays  from  a  tungsten  target  source  operated  at  20  nA 
and  90  kV.  Soft  X-rays  were  filtered  out  by  a  layer  of 
sputtered  sliver  electrode,  and  a  glass  filter 
approximately  1  mm  thick.  In  addition,  the  NQ  sample 
was  also  irradiated  at  room  temperature  with  v-ray  from 
a  Co  source  at  Brookhaven  National  Laboratory,  which 
has  a  dose  rate  of  1 . 1  MRoentgen/hr. 

After  Irradiation,  the  samples  were  transferred  to 
a  Super  Varltemp  Cryostat  (Janls  Corp.),  and  cooled 
down  to  liquid  helium  temperature.  An  automated 
capacitance  bridge  (C.  Andeen  Assoc.)  was  used  to  carry 
out  the  dielectric  loss  measurements,  which  cover  a 
frequency  range  of  30  to  100  kHz  and  a  temperature 
range  of  3  -  273  K. 


Results  and  Discussion 


Vacuum  Swept  Quartz  Crystal 

We  would  first  like  to  address  the  question  of  the 
origin  of  the  low  temperature  Irradiation  peak.  As 
pointed  out  In  the  Introduction  section,  two  different 
Irradiation  related  defect  centers  have  been  suggested 
as  the  possible  sources  of  this  Irradiation  peak:  (1) 
the  Al-h  center  formed  during  Irradiation,  and  (2)  an 
alkali  center  that  Involves  the  Na  Ion  released  from 
Al-Na  during  Irradiation.  In  order  to  Investigate 
these  possibilities,  we  have  made  several  measurements 
on  the  vacuum  swept  crystal,  H29-19  (see  Table  I).  The 
crystal  was  first  swept  in  air,  and  then  In  vacuum  for 
an  extended  period  of  time  to  ensure  that  all  alkali 
and  hydrogen  Ions  have  b^en  swept  out. 
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ton 
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Fig.  2.  Dielectric  loss  peaks.  plotted  aa  7. tan  6  v3. 

1/T,  for  two  vacuum-swept  H29-'1*  samples  with 
different  3 366 1 cm  IR  absorption:  solid  line, 
a  -  0.u25  cm  ,  a^d  dashed  line, 

-  0. 3  “  0.  *1  cm  . 


□  40  eo 


Tamperoture  CK) 

Fig.  3.  Dielectric  loss  as  a  function  of  temperature 

before  and  after  Irradiation  f or  a  Na-swept  PGE 
crystal  as  measured  at  1  kHz.  The  data  show  the 
Al-Na  a  and  B  peaks  as  well  as  the  irradiation 
peak . 


The  IR  absorption  spectrum  of  this  vacuum-swept 
crystal  measured  by  Upson  at  RADC  show*:  chat  the 
crystal  ls_^i3t  uniformly  swept.  While  the  crystal  has 
no  3581  cm  absorption  (corresponding  to  grown;|n  OH  ) 
throughout,  It  showed  varying  degree  of  3366  cm 
absorption  (corresponding  to  A1-0H)  along  the 
z-dlrectlan,  l.e.  along  the  c-axls.  We  studied  two 
sa-ples  by  means  of  dielectric  measurements:  one  from 
the  best  swept  region  whlctji  has  the  lowest  3366  cm 
abso-ptlon  (a  -  0.C25  cm  ),  and  one_;'':m  the  worst 
swept  region  whic^  has  nlgher  3?66  cm  '  absorption 

*  O.’-O. 9  cm  ).  The  results  of  the  measurements 
are  shown  In  Fig.  2  as  plots  of  T.tanS  vs.  100/T. 
Despite  the  absence  of  alkali  and  the  low  level  of 
hydrogen,  both  samples  show  a  low  temperature  peak  with 
maxima  at  100/T  -  8.5  K  .  The  height  In  the  best 
swept  sample  Is  about  twice  that  In  the  worst  swept 
one,  and  their  shapes  are  Identical  within  experimental 
erro-.  No  observable  change  of  the  peaks  occurs  after 
a  321  C  annealing  of  both  samples. 

It  Is  Interesting  to  compare  the  results  of  our 
dielectric  measurements  to  the  Al-h  contents  measured 
with  ESP  by  Halliburton  on  samples  prepared  from  the 
sa-.e  vaouu-  swept  c-ystal.[l6]  He  measured  1.3  ppm  of 
Ai-h  center  in  the  best  swept  region,  and  0.5  ppm  In 
the  worst  swept  region.  The  2.6  :  1  ratio  of  the  Al-h 
contents  observed  in  this  way  correlates  reasonably 
well  with  the  1.8  :  1  ratio  of  the  dielectric  peak 
heights  that  we  observed  In  corresponding  samples. 

F-oa  the  fact  that  both  the  "Irradiation  peak"  and 
the  Al-h  center  appear  In  these  unlrradlated 
vacuum-swept  samples  despite  the  absence  of  alkali,  we 
conclude  that  the  Irradiation  peak  cannot  be  due  to  the 
alkali  center,  but  that  It  must  be  some  manifestation 
of  the  AHh  center. 

Effect  of  Irradiation  Dose 

In  or  >-  to  investigate  the  effect  of  lrradlat . 
dose  on  defects  In  oua-tp  c-ystals.  we  have  ca-"ln:  “ ut 


a  series  of  room  temperature  X-ray  Irradiations  on  a 
Na-swept  PQE  crystal,  and  measured  the  corresponding 
changes  In  the  o  and  B  Al-Na  peaks  as  well  as  the 
Irradiation  peak.  The  various  peaks  are  3hown  In 
Fig.  3,  the  results  of  the  Irradiation  series  are 
presented  In  Fig.  9.  While  the  a  peak  decreases  and  the 
irradiation  peak  Increases  monotonlcally  with  the  total 
dose,  the  B  peak  height  goes  through  a  maximum  before 
It  drops  down  to  zero.  By  taking  Into  account  both  the 
a  and  6  peaks,  however,  the  overall  Al-Na  concentration 
Is  found  to  be  decreasing  monotonlcally  with  the 
accumulating  dose.  The  ratio  R  of  a/B  goes  from  an 
Initial  value  of  -12  before  the  Irradiation  to  a 
constant  value  of  2.7  ±  1  after  Irradiation.  Values  of 
R  ranging  from  10  to  17,  depending  on  the  previous  heat 
treatment,  have  been  observed  prevl ously , [ U , 5, 8 ]  but  a 
value  as  low  as  2.7  has  never  been  reported.  An  even 
lower  value  of  R  of  0.85  was  observed  In  this  labratory 
In  a  7-lrradl ated ,  Na-swept  NQ  crystal. 


Fig.  k.  Variation  of  the  heights  of  the  three 

dielectric  loss  peaks  with  X-ray  Irradiation 
time  f or  3  Na-swept  PCE  crystal.  The  left  hand 
3  scale  applies  to  the  3  and  Irradiation  p»aks, 
and  the  right  hand  scale  to  the  6  peak. 


The  R  ratio,  according  to  equation  (5),  Is 
jportlonal  to  the  concentration  ratio  of  the  nearest 
ighbor  a  to  the  next  nearest  neighbour  8  Al-Na 
iters.  A  typical  value  of  R  -  1 3  before  Irradiation 
res  N  /N  -  20  t  3.5,  The  lower  R  values  after 
■adlatlon  correspond  to  smaller  N  /N  ratios:  R  •  2.7 
res  N  /N  -  t . 2  t  1.8,  and  the  R  -  0.85  mentioned 
>ve  gtves  N  /N  •  l.ii  t  0.6.  Thus  It  Is  reasonable  to 
i  that  one  8f  the  effects  of  the  Irradiation  Is  to 
llstrlbute  the  Initial  Al-Na  population,  which  Is  In 
;rmodynamlc  equilibrium  between  the  a  and  8  states, 
a  more  random  one  In  which  the  N  /N  ratio  comes 
:h  closer  to  unity.  The  maximum  In  the  8  curve  shows 
it  Initially  there  are  more  6  centers  formed  than 
stroyed,  presumbly  at  the  expense  of  the  o  centers. 

Based  on  these  considerations,  we  propose  the 
LI  owl  ng  explanatlyn  for  these  observations.  During 
•adlatlon,  the  Na  Ion  Jn  an  Al-Na  center,  whether  a 
8  type,  leaves  the  A1J  ,  presumbly  through  the 
fluence  of  the  electrons  and  holes  generated  by  the 
•adlatlon.  The  Na  may,Jhen  go  to  a  yet  unknown  trap 
te,  or  return  to  an  A1J  Jo  reform  the  Al-Na  center, 
such  a  recapture,  the  Na  can  go  Into  either  the  a 
8  site.  This  randomizes  the  a/8  population 
strlbutlon,  giving  rise  to  a  N  /N  ratio  closer  to 
Ity,  which  results  In  a  smaller  RBratlo.  The  maximum 
the  8  curve  Is  then  the  result  of  the  combination  of 
o  effects:  the  randomization  of  the  N  /N  ratio  which 
jses  the  Initial  rise,  and  the  decreafe  In  the 
;rall  Al-Na  concentration  wnlch  causes  the  eventual 
Dp  In  the  B“curve. 

This  dynamic  picture  of  the  Irradiation  Induced 
structlon  and  reformation  of  the  Al-Na  centers  has  an 
sortant  Implication:  the  dissociated  Al3  does  not 
ve  to  capture  a  Na  ,  but  can  Instead  capture  a  hole 
form  Al-h  or  a  proton  to  form  A1-0H  center.  The 
Dtons  are  presumbly  released  from  the  grown- In  OH 
iters,  which  we  called  G-OH,  where  G  designates  the 
L  unknown  grown-ln  OH  site.  In  other  words,  there 
1  be  these  three  competing  processes  occurlng  during 
■adlatlon:  ll)  the  x/8  population  randomization,  (2) 

*  formation  of  Al-h,  and  (3)  the  formation  or  A1-0H. 
>se  three  r-actlons  can  be  represented  with  the 

•  lowing  equations: 


(  Al-Na 

)  «  (  Al-Na  )„ 

a  8 

(6) 

Al-Na  ♦ 

h‘  .  e"  — Al-h  ♦  Na° 

(7) 

Al-Na  ♦ 

G-OH  — - *  Al-OH  ♦  G-Na 

(8) 

'se  processes,  rather  than  occurlng  sequentially  as 
vlojsly  thought,  are  occurlng  simultaneously,  and 

cc-petlng  with  each  other  throughout  the 
adlatlon  process. 

ect  of  Annealing  of  an  Irradiated  Crystal 

In  order  to  stulv  the  annealing  effects  following 
adla.lon,  we  utilized  a  Na-swept  QA26  sample,  which 

a  high  A1  content  (see  Table  I).  Following  an 
tlal  j  hr  Irradiation  at  room  temperature,  a  series 
Isochronal  (-5  ri  -,)  anneals  were  carried  out,  with 
j1  .3  as  shown  in  Fig,  5.  The  Irradiation  only 
-•ed  the  n  peav  from  ’20  to  90  whl 1 er prod uc 1 ng  an 
ad  1  a* l on  peak  of  height  65  (all  x10~J).  The 
adlatlon  peak  dec-ea3es  strongly  between  350  and  5C0 
nd  gong  to  zero  at  600  K,  while  the  a  peak 
arer.tly  Increases  in  two  stages,  the  larger  one  at 
-  K  occurlng  afte-  the  Irradiation  pea*  Is 
ple;e»y  gone.  The  s  pnak  (not  shown  1  r,  the  figure 


Fig.  5.  Annealing  of  the  o  peak  and  the  Irradiation 
peak  In  a  Na-swept  QA26  crystal.  The  first 
points  (shown  below  300  K)  were  obtained 
immediately  after  Irradiation;  the  second 
points  (at  300  K)  were  measured  after  standing 
for  115  hr.  All  other  points  represent  k5  min 
Isochronal  anneals. 


for  clarity)  decreases  so  that  the  a/B  ratio  R  returns 
Immediately  after  the  start  of  annealing  to  Its 
pre-irradlated  value  of  13  t  1. 

It  Is  Interesting  to  compare  these  results  with  the 
anreallng  behavior  reported  by  Martin,  who  employed  IR 
absorption  to  detect  Al-OH  centers  and  acoustic  loss 
measurements  to  follow  both  an  Al-Na  loss  peak  and  an 
irradiation  Induced  loss  peak  at  23  K  (for  5  MHz 
frequency!  believed  to  be  due  to  Al-h  centers. [7]  The 
Al-Na  loss  peak  was  found  to  be  restored  In  two  stages 
that  match  those  observed  In  the  present  work.  The 
first  stage  centered  at  525  K,  where  the  23  K  loss  peak 
disappeared,  and  the  second  centered  at  650  K  where 
Al-OH  anneals  out. 

These  observations  can  be  explained  as  follow:  (1) 
prior  to  the  occurence  or  stage  I,  at  Just  above  room 
temperature,  the  thermodynamic  equilibrium  between  a 
and  6  type  Al-Na  centers  Is  restored.  This  causes  the 
a/8  ratio,  R,  to  be  restored  to  Its  pre- lrradl at ed 
value.  (2)  Stage  I  annealing,  wnich  occurs  between  U50 
and  550  K,  Involves  the  recombination  and  mutual 
annihilation  of  the  electrons  and  hales,  to  eliminate 
the  alkali  centers  and  the  Al-h  centers,  which  cause 
the  irradiation  peak.  This  reaction  Is  Just  the  reverse 
of  equation  (7).  (Additional  support  for  the  concept 
that  electrons  and  holes  become  mobile  In  stage  I  comes 
from  the  fact  that  the  E1 ’  center,  which  Involves  an 
electron  trapped  at  an  oxygen  vacancy,  only  forms  after 
Irradiation  followed  by  annealing  at  stage  1 
temperatures. [ 1 8])  (3)  Stage  II  annealing,  which  occurs 
between  600  and  700  K  Involves  the  r?-exehange  of  Na 
and  H  to  restore  the  G-OH  and  Al-Na  centers,  l,e.,  the 
reverse  of  equation  (8).  Thus,  by  stepwise  reversal  of 
each  of  the  radiation  produced  reactions,  eqs.  ( 6 ) - f  3 ) 
the  crystal  Is  finally  restored  to  Its  as-grown 
csndl tl on. 
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Conclua t  ona 


References 


We  summarize  In  tnla  section  what  has  been  learne: 
this  work: 

(a)  Both  the  Al-h  centers  and  the  "Irradiation 
peak"  are  observed  In  the  vacuum-swept  quartz 
crystal.  This  shows  that  the  lr-adlatlon  peak 
la  same  manifestation  of  the  Al-h  centers. 

(b)  During  Irradiation,  the  defect  centers  that 
give  rise  to  the  various  dielectric  loss  peaks 
undergo  dynamic  destruction  and  reformation 
processes.  Several  reactions  are  competing  with 
each  other  and  occuring  simultaneously,  namely 
the  Al-Na  a/B  population  randomization,  and  the 
formation  of  Al-h  and  A1-0H  centers  at  the 
expense  of  Al-Na  centers. 

(c)  During  annealing,  the  various  reactions  that 
secured  during  Irradiation  are  reversed  at 
sucesslvely  higher  temperatures: 

-  The  thermodynamic  equilibrium  between  a  and 
B  Al-Na  centers  Is  restored  at  Just  above 
room  temperature. 

-  Above  450  K  the  Al-n  centers  are- converted 
back  to  Al-Na,  presumbly  with  electron-hole 
recombination,  giving  rise  to  the  stage  I 
a-peak  restoration. 

-  Above  600  K  the  A1-0H  centers  are  converted 
back  to  Al-Na  giving  rise  to  the  stage  II 
a-peak  restoration. 

lie  this  picture  of  various  dynamic  processes 
curing  during  Irradiation  and  annealing  of  quartz 
ystals  may  be  too  simplified,  and  still  leaves  open 
e  question  of  the  nature  of  both  the  G-OH  center  and 
e  trapping  site  for  the  alkali  center.  It 
vertheless  can  serve  as  a  starting  point  for  a  more 
tailed  understanding  of  Irradiation  process  In 
artz . 
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EFFECTS  OF  IRRADIATION  ON  THE  ELECTRICAL  PROPER  1 1 ES 
OF  a-QUARTZ  CRYSTALS 


S.  LING,  B.S.  LIM  AND  A.S.  NOWICK 

Henry  Krumb  School  of  Hines,  Columbia  University,  New  York  NY  10027 
ABSTRACT 

A  study  is  made  of  irradiation  effects  on  a-quartz  crystals  using  t.h«* 
techniques  of  electrical  conductivity  and  dielectric  loss  measurements .  The 
initial  radiation- Induced  conductivity  (RIC)  induced  by  X-ray  Irradiation  over 
the  temperature  range  from  to  250  K  is  found  to  have  a  nearly  constant 
activation  energy  of  0.29  t  0.02  eV.  Since  a  large  RIC  still  results  from 
irradiation  at  temperatures  too  low  for  alkalis  to  be  liberated,  it  is 
proposed  that  the  RIC  is  due  to  holes  (as  small  polarons)  rather  than  to 
alkalis.  The  dielectric  103s  measurements  in  Na-swept  quartz  are  used  to 
follow  the  changes  in  the  relaxation  peaks  due  to  the  Al-Na  defect  as  a 
function  of  radiation  dose  and  annealing.  At  the  same  time  a  low-temperature 
"irradiation  peak"  is  studied.  Restoration  of  the  main  Al-Na  peak  during 
annealing  occurs  in  two  stages:  one  near  500  K  and  the  other  above  600  K. 

From  the  observed  behavior  of  the  Irradiation  peak  in  various  crystals,  It  is 
concluded  that  this  peak  is  probably  due  to  alkali  centers.  Finally,  a  defect 
model  interpreting  the  two  annealing  3tages  is  presented. 

INTRODUCTION 

The  effects  of  particle  or  electromagnetic  radiation  on  quartz  crystals 
have  been  studied  for  many  years.  The  subject  is  of  interest  from  a  practical 
viewpoint  because  irradiation  gives  rise  to  undesirable  frequency  changes  in 
piezoelectric  resonators  made  from  such  crystals. [ 1 ,2]  From  a  basic 
viewpoint,  on  the  other  hand,  Irradiation  produces  various  interesting  defect 
centers,  often  involving  electrons  and  holes,  which  can  be  studied  by 
techniques  such  as  optical  and  infrared  absorption,  EPR  and  dielectric 
relaxation.  Such  defects  have  been  shown  to  be  responsible  for  the  frequency 
changes  already  mentioned. 

In  order  to  comprehend  better  the  defects  present  after  i rradi at  1  on ,  we 
begin  by  reviewing  the  defects  present  in  unirradiated  ("as  grown")  crystals. 
The  most  ubiquitous  and  best  unde^tood  defects  are  those  involving  A1J 
Impurity  ions  substituting  for  SI  at  the  center  of  a  distorted  A10„ 
tetrahedron .[ 3]  Sii£h  lower- valent  lippu  ity  ions  are  charge  compensated  by 
either  alkalis  (Na  or  M  )  or  by  H  .  The  alkalis,  denoted  M  ,  are  normally 
present  In  synthetically  grown  crystals  and  located  adjacent  to  the  Al5  to 
form  an  Al-M  pair.  One  alkali  species  can  be  replaced  by  another  by  a  process 
of  el ectrod i f f usi on  or  "sweeping"  during  which  an  appropriate  salt  i3  present 
at  the  cat hode . [ ^  ,5  ]  Alkalis  can  also  be  replaced  by  H*  by  sweeping  in  moist 
air,  thus  forming  Al-OH  centers  that  manifest  themselves  through  two 
character i Stic  infrared  absorption  bands. [6]  Other  deTects  involving  OH  ions 
In  the  as-grown  crystals  are  indicated  by  other  IR  bands,  all  in  the  vicinity 
of  3500  cm  .[5,6, 7j 

Upon  irradiation  near  room  temperature,  the  alkalis  are  liberated  ,  and 
the  Al-M  defects  become  converted  to  Joth  A1-0H  and  Al-h  (aluminum-hole) 
centers.  The  fate  of  the  liberated  M  Ions,  l.e.  the  centers  that  th<°y  form 
after  irradiation,  is  essentially  unknown. 

Electrical  measurements  have  been  very  useful  in  the  study  of  defects  in 
quartz  both  before  and  after  irradiation.  These  measurements  are  of  two 
types.  First,  there  are  conductivity  measurements .  The  conductivity  of  the 
unirradiated  crystal  is  ionic,  the  carrier  being  mainly  alkali  freed 
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occurs  between  450  and  550  K  Involves  recombt nat ion  or  the  electron  and  hole, 
to  eliminate  the  Al-h  center  and  the  alkali  center  which  causes  the 
Irradiation  peak,  the  concept  that  electrons  and  holes  become  mobile  In  Stage 
I  Is  also  supported  by  the  fact  that  the  formation  of  E'j  centers  after 
irradiation  (which  Involve  an  electron  trapped  at  an  oxygen  vacancy)  only 
takes  place  after  annealing  in  Stag^  I.  S^age  II,  which  occurs  between  600 
and  700  K  Involves  re-exchange  of  M  and  H  to  restore  the  G-OH  and  M-M 
centers.  The  crystal  Is  then  restored  to  Its  as-grown  condition.  While  the 
above  model  may  too  simplified,  and  still  leaves  open  the  question  of  the 
nature  of  both  the  G-OH  centers  and  the  trapping  sites  for  the  alkalis  and 
electrons.  It  nevertheless  can  serve  as  a  starting  point  for  attempting  a 
better  understanding  of  irradiation  processes  in  quartz  crystals. 
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Dielectric  relaxation  of  the  aluminum-hole  center  in  a-quartz: 

An  example  of  phonon-assisted  tunneling 

J.  Toulouse,*  S.  Ling,7  and  A.  S.  Nowick 
Henry  Krumb  School  of  Mines.  Columbia  University,  Hew  York,  Hew  York  10027 
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A  detailed  study  is  made  of  the  low-temperature  dielectric  relaxation  peak  that  develops  in  crys¬ 
talline  quartz  upon  irradiation.  A  wide  variety  of  crystals  are  employed:  from  different  sources, 
with  different  purities,  and  with  the  Al3*  impurity  compensated  by  a  selected  alkali-metal  ion  (Li* 
or  Na  " )  or  by  H  *  through  the  use  of  the  technique  of  “sweeping."  A  comparison  is  made  between 
the  dielectric  peak  height  and  the  intensity  of  the  well-known  EPR  spectrum  due  to  the  aluminum- 
hole  (Al-/i)  center.  It  shows  that  the  dielectric  loss  peak  is  due  to  the  Al-/i  center,  with  the  hole  lo¬ 
cated  on  a  “long-bond"  oxygen  atom.  Analysis  of  the  relaxation  rate  as  a  function  of  temperature 
shows  that,  below  —6  K  the  relaxation  takes  place  by  a  one-phonon  tunneling  process,  while  above 
this  temperature  a  multiphonon  process  occurs.  While  the  relaxation  time  in  the  one-phonon  re¬ 
gime  is  unique,  the  relaxation  spectrum  and  the  mean  relaxation  time  in  the  multiphonon  regime 
are  sample  dependent,  due  to  phonon  scattering  by  crystal  defects. 


I.  INTRODUCTION 

Crystalline  quartz  has  become  the  foremost  material  in 
ultrasonic  devices  and  precision  frequency  standards. 
Accordingly,  there  is  considerable  interest  in  the  nature 
of  point  defects  in  quartz  crystals,  particularly  those  that 
can  affect  their  frequency  stability.  Perhaps  the  most  im¬ 
portant  defects  in  quartz  are  those  involving  an  Al3+-ion 
impurity  substituting  for  Si4*.  Since  the  A1  has  a  lower 
valence  than  Si,  an  additional  positive  defect  is  requited 
for  charge  compensation.  This  is  usually  provided  by  an 
interstitial  alkali  ton  (Li*  or  Na*  )  or  by  protons.  The  al¬ 
kali  ion  M  *  becomes  bound  to  the  A1  ion  by  Coulombic 
attraction  to  form  an  Al-A/  pair,  while  H*  forms  an 
OH  *  bond  near  the  Al.  The  presence  of  the  Al-OH  de¬ 
fect  is  detectable  by  infrared  measurements. 1,2  The  de¬ 
fect  structure  is  changed  by  ionizing  radiation  in  the  vi¬ 
cinity  of  room  temperature.  Such  changes  under  irradia¬ 
tion  are  of  interest  because  they  are  accompanied  by  fre¬ 
quency  drifts  of  quartz  resonators.3-5 

Figure  1  schematically  shows  an  Al3*  ion  substituted 
for  a  Si4*,  sitting  at  the  center  of  a  distorted  tetrahedron 
of  four  O2  -  ions.  The  tetrahedron  contains  a  single  two¬ 
fold  symmetry  axis,  designated  by  C2  in  the  figure.  An 
interstitial  alkali  ion  sits  within  this  tetrahedron  either  on 
the  C2  axis  (for  Li*  )  or  off  the  axis  (for  Na*  ).4  Upon  ir¬ 
radiation  at  a  temperature  above  200  K,  the  alkali  ion  is 
liberated  and  may  be  replaced  by  a  hole  to  form  the 
aluminum-hole  (Al -h)  center. 7  This  center  has  a  charac¬ 
teristic  electron -paramagnetic-resonance  (EPR)  spec¬ 
trum,  and  it  has  been  widely  studied  by  this  technique. 8 

Dielectric  relaxation  has  become  an  important  tool  in 
the  study  of  defects  in  quartz.  The  pioneering  work  of 
Stevels  and  Volger9  revealed  a  pair  of  dielectric-loss 
peaks  at  low  temperatures  that  could  be  attributed  to  the 
Al-Na  defect.  They  also  found  an  additional  peak  at  very 
low  temperatures  following  irradiation,  which  they  attri¬ 


buted  either  to  the  Al-h  center  or  to  an  alkali  center.  A 
further  detailed  study  was  made  of  this  peak  in  various 
natural  “smoky  quartz”  crystals  by  de  Vos  and  Volger. 10 
In  later  studies  carried  out  by  some  of  the  present  au¬ 
thors,  differences  in  the  relaxation  behavior  were  found 
among  different  samples,  suggesting  that  the  relaxation 
might  be  due  to  an  alkali  center  rather  than  to  the  Al-h 
center;  accordingly,  it  was  referred  to  simply  as  the  “irra¬ 
diation  peak.”11 

This  paper  represents  an  extensive  study  of  this  irradia¬ 
tion  peak  using  a  wide  range  of  crystals  from  different 
sources,  including  natural  crystals  and  cultured  crystals 
of  various  qualities.  In  addition,  we  have  made  use  of  the 
technique  of  electrodiffusion  or  “sweeping"1,312  to  obtain 
samples  in  which  the  monovalent  compensation  for  Al3* 


FIG.  1.  Schematic  diagram  showing  the  distorted  tetrahed¬ 
ron,  the  basic  structural  unit  of  a  quartz,  with  Al3*  replacing 
Si4* ,  The  single  twofold  symmetry  axis,  designated  C2.  is  taken 
in  the  x  direction.  The  four  sites  (two  denoted  a  and  two  0)  of 
an  interstitial  Na*  compensating  the  Al3*  are  also  shown. 
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is  primarily  of  one  kind  (i.e.,  Li*,  Na*,  or  H*  ).  As  a  re¬ 
sult  of  this  work  we  are  able  to  show  that  the  “irradiation 
peak”  is  indeed  produced  by  the  Al-/i  center,  and  we  in¬ 
vestigate  some  of  its  unusual  characteristics,  which  turn 
out  to  be  related  to  phonon-assisted  tunneling. 

II.  THEORY 

Dielectric  loss  can  arise  from  defects  that  have  a  lower 
point  symmetry  than  that  of  the  crystal  in  which  they  re¬ 
side.1314  Such  defects  possess  several  crystallographical- 
ly  equivalent  orientations,  among  which  they  may 
reorient  preferentially  in  the  presence  of  an  electric  field. 
If  the  electric  field  is  sinusoidal  with  angular  frequency  <*>, 
one  or  more  peaks  will  usually  occur  in  the  dielectric  loss, 
tan6,  which  obey  the  well-known  Debye  equation: 

tan6  =  (8e /em  Iwt/(  1  +  <u2r2)  ,  (1) 

where  ex  is  the  dielectric  constant  observed  at  high  fre¬ 
quencies,  be  is  called  the  relaxation  of  the  dielectric  con¬ 
stant,  and  r  is  the  relaxation  time.  The  quantity  6e/ex  is 
often  termed  the  relaxation  strength  A.  Equation  (1) 
yields  a  symmetric  peak  in  a  plot  of  tan8  vs  logl0&>  cen¬ 
tered  about  the  value  <um  given  by 


and  of  width  at  half-maximum:  81og106j  =  1.144. 

In  a  quartz,  which  has  trigonal  symmetry,  the  highest 
site  symmetry  is  that  of  a  Si4*  ion.  This  site  is  monoclin¬ 
ic  and  involves  a  twofold  (C2)  axis  which  is  taken  along 
the  x  axis  of  the  crystal.  The  Si4*  sits  at  the  center  of  an 
Si04  distorted  tetrahedron.  When  Al3*  is  present,  it  re¬ 
places  the  Si4*  at  the  tetrahedron  center  as  shown  in  Fig. 
1.  If  the  charge  compensator  is  located  nearby,  but  not 
on  the  C2  axis,  this  defect  pair  forms  an  electric  dipole. 
Such  a  dipole  has  six  equivalent  orientations,  two  on  each 
tetrahedron,  and  on  three  differently  oriented  tetrahedra 
(each  rotated  through  1 20*  and  translated  by  c/3  from  the 
other)  in  each  unit  cell.  For  the  defect  to  reorient  from 
one  tetrahedron  to  another,  however,  requires  the  migra¬ 
tion  of  the  Al3*.  The  activation  energy  for  such  a  pro¬ 
cess  is  expected  to  be  far  too  high  for  such  a  jump  to  take 
place  in  the  temperature  range  of  the  present  experi¬ 
ments.  Accordingly,  relaxation  can  occur  only  by  reori¬ 
entation  of  the  pair  across  the  C2  axis  of  each  tetrahed¬ 
ron.  Nowick  and  Stanley15  have  shown  that  the  relaxa¬ 
tion  of  the  dielectric  constant  under  such  a  constraint  is 
given  by 

be^N.nl/eokT  (3) 

when  the  electric  field  is  applied  parallel  to  the  crystal  c 
axis,  and  by 

bei  =  ydn\/2e0kT  (4) 

for  an  electric  field  applied  in  the  basal  plane.  Here  Nd  is 
the  number  of  dipoles  per  unit  volume,  e0  the  permittivity 
of  vacuum,  kT  has  the  usual  meaning,  and  fi2  and  jr3  are 
the  components  of  the  dipole  moment  along  the  y  and  t 
directions  (the  latter  being  parallel  to  the  c  axis).  Conse¬ 
quently,  the  anisotropy  ratio  Ra  of  the  maxima  in  tan6, 


for  the  parallel  relative  to  the  perpendicular  directions,  is 

Ra  =<2e xt/e , •  H/x ,//x2 )2  .  (5) 

As  for  the  relaxation  time,  for  classical  jumping  over  a 
barrier,  we  obtain  the  rate  t~  1  in  the  classical  Arrhenius 
form.  Under  such  circumstances  one  can  vary  qjt  in  Eq. 
(1)  by  changing  the  temperature  and  keeping  the  frequen¬ 
cy  constant.  A  plot  of  tan6  vs  \/T  then  gives  a  sym¬ 
metric  peak.  Many  “paraeiectric"  defects  in  a  variety  of 
materials  have  been  studied,  which  undergo  relaxation  at 
very  low  temperatures  with  the  aid  of  phonon-assisted 
tunneling. 16  Under  these  circumstances,  one  may  ob¬ 
serve  a  linear  dependence  of  r'  1  on  T  in  the  lowest  tem¬ 
perature  range  (where  a  single-phonon  process  takes 
place)  and  a  power-law  increase  at  higher  temperatures 
(where  a  multiphonon  process  occurs): 

r"‘=  AT  +BTn  ,  (6) 

where  n  is  expected  to  fall  in  the  range  4-7,  depending 
on  the  detailed  assumptions  of  the  theory. 17  21  Alterna¬ 
tively,  one  may  find  an  exponential  (Arrhenius)  form  in 
the  multiphonon  region,  to  obtain 

r-'^A’T+V'fixpi-E/kT)  .  (7) 

These  equations  have  been  applied  to  various  “off- 
center,”  “paraeiectric,"  and  “paraelastic"  defects  in  the 
past.16 

III.  METHODS 

The  samples  used  in  this  investigation  are  listed  in 
Table  I,  with  their  label  (“autoclave  designation”)  and 
origin.  All  of  them  were  cultured  (synthetic)  quartz  crys¬ 
tals,  from  the  various  sources  indicated,  except  for  no.  8, 
which  was  a  natural  crystal.  The  cultured  crystals  nos. 
1-5  are  high-quality  crystals,  grown  slowly  so  as  to  keep 
the  impurity  content  low,  while  others,  e  g.,  nos.  6  and  7, 
were  grown  rapidly  and  have  a  higher  impurity  content. 
Two  samples  were  cut  from  crystal  nos.  3,  5,  7,  and  8  and 
separately  electrodiffused  (at  Oklahoma  State  University) 
with  Li  and  Na,  respectively.  Other  samples  were  air 
swept;  this  results  in  the  replacement  of  alkalis  by  pro¬ 
tons. 12  The  vacuum  sweeping  treatment  of  no.  2  consist¬ 
ed  of  electrodiffusmg  a  previously  air-swept  sample  for  52 
days  at  500 *C  under  vacuum. 

The  swept  crystals  were  subjected  to  two  kinds  of  irra¬ 
diation,  with  x  and  y  rays.  The  x  irradiations  were  per¬ 
formed  with  rays  from  a  tungsten  tube  operating  at  40  kV 
and  20  mA  for  4  hours.  The  samples  were  placed  against 
the  window  of  the  x-ray  tube  and  irradiated  through  a 
filter  consisting  of  a  sputtered  silver  electrode  less  than 
l-jxm  thick,  and  sometimes  a  glass  plate  of  1-mm  thick. 
The  soft  x  rays  were  thus  eliminated  and  the  sample 
homogeneously  irradiated.  The  y  irradiation  was  per¬ 
formed  at  Brookhaven  National  Laboratory  with  a  cobalt 
source.  This  irradiation  lasted  four  hours  to  give  a  total 
dose  of  4  Mrads.  The  irradiated  samples  were  kept  under 
refrigeration  to  minimize  the  effect  of  room-temperature 
annealing  on  the  height  of  the  dielectric-loss  peak. 

The  irradiated  samples  used  for  the  electrical  measure- 
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TABLE  1.  Crystals  used  in  this  investigation,  (All  are  cultured,  except  for  no.  8) 


Crystal  no. 

Autoclave 

designation 

Source 

Al  content 
(ppm) 

Sweeping 

1 

E42-21 

Sawyer 

2b 

2 

H29-14 

Sawyer 

4* 

Vacuum 

3 

PQ-E 

Sawyer 

17* 

Na,  Li 

4 

PQ-D 

Sawyer 

6* 

Air 

5 

SQ-A 

Tokyo,  Japan 

1 3* b 

Na,  Li,  Air 

6 

QA26 

AF,  RADC 

55b 

Na 

7 

HA-A 

USSR 

352b 

Na,  Li 

8 

NQ 

Arkansas 

(natural) 

70b 

Na,  Li 

‘From  EPR  measurements  (Ref.  7). 
bFrom  the  Al-Na  a  peak  (Ref.  6). 

‘Samples  from  most  of  these  crystals  have  been  used  in  previous  studies  (Refs.  2,  6,  7,  11,  and  22)  where 
the  same  designations  were  employed. 


ments  were  approximately  1  X  1  X0. 18  cm3,  with  the  thin 
dimension  along  the  z  axis  of  the  crystal.  Electrical  con¬ 
tacts  with  the  samples  were  made  via  two  silver  elec¬ 
trodes.  A  full  electrode  was  sputtered  on  one  side  of  the 
sample,  and  a  central  electrode  painted  on  the  other  with 
Engelhard  flexible  silver  paint  no.  16.  A  guard  ring  was 
also  painted  circling  the  central  electrode.  It  was 
grounded  to  prevent  surface  conduction  between  the  two 
electrons  resulting  from  fringe  field  effects. 

The  samples  were  transferred  to  a  Janis  SuperVari- 
Temp  cryostat  and  cooled  down  to  liquid-helium  temper¬ 
ature.  Two  samples  were  simultaneously  placed  in  the 
cryostat,  one  on  top  of  the  other,  separated  by  a  1.5-mm 
thick  sapphire  disk.  The  temperature  was  monitored  via 
a  Lake  Shore  silicon  diode  sensor  embedded  in  a  copper 
block  just  below  the  samples.  The  temperature  uncer¬ 
tainty  was  ±0.1  K  above  4.8  K  and  about  ±0.15  K  below 
4.8  K. 

The  dielectric  measurements  were  carried  out  with  a 
General  Radio  capacitance  bridge  161 5 A  automated  by 
Carl  Andeen  Inc.  with  a  constant  signal  generator  output 
of  5  V.  The  measurements  covered  a  frequency  range  of 
10  Hz- 100  kHz  and  a  temperature  range  of  3-100  K. 

IV.  RESULTS 

A  wide  variety  of  samples  was  studied  in  this  work,  in¬ 
cluding  both  natural  and  cultured  crystals,  samples  with 
high  and  low  Al3+  content,  Na  +  -,  Li  +  -,  and  H  + -swept 
samples  and  vacuum-swept  samples.  For  almost  all  of 
the  samples  studied,  the  low-temperature  “irradiation 
peak"  was  observed  following  x-ray  or  y-ray  irradiation, 
and  not  before  irradiation.  The  only  exception  to  this 
statement  is  the  vacuum-swept  sample  which  showed  a 
small  peak  without  any  irradiation. 

The  irradiation  peak  was  studied  in  detail  by  making 
rapid  measurements  at  17  frequencies  (from  10  Hz  to  100 
kHz)  utilizing  the  automated  ac  bridge,  at  each  tempera¬ 
ture,  while  varying  the  temperature  between  ~3  and  80 
K.  The  data  were  first  plotted  in  the  traditional  manner 
as  a  function  of  T~l  (where  T  is  the  Kelvin  temperature) 
for  the  various  frequencies.  A  typical  example  is  given  in 


Fig.  2  for  an  irradiated  no.  5  Na-swept  crystal.  (For  clar¬ 
ity,  not  all  of  the  frequencies  are  included.)  It  is 
noteworthy  that  the  peaks,  particularly  those  for  the 
lower  frequencies,  become  highly  asymmetrical  on  the 
low-temperature  side,  in  contrast  to  the  symmetry  peak 


lO^T  ( K-1) 

FIG.  2.  Plot  of  T  tan6  as  a  function  of  reciprocal  tempera¬ 
ture  at  various  frequencies  of  measurement  (from  200  Hz  to  10 
kHz)  for  sample  no.  5  (Na  swept)  after  x  irradiation. 
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predicted  by  Eq.  (1)  combined  with  the  Arrhenius  equa¬ 
tion  for  r_l.  The  same  data  were  then  calculated  as  a 
function  of  circular  frequency  a)  and  plotted  versus  lncu, 
as  illustrated  in  Fig.  3.  The  range  of  the  plot  is  limited  by 
the  frequency  range  of  the  apparatus,  but  it  is  clear  that 
the  peaks  are  narrow  and  symmetrical  for  the  lower  tem¬ 
peratures  and  become  broader  and  asymmetrical  at  the 
higher  temperatures.  The  advantage  of  the  frequency 
plots  is  that  they  can  be  analyzed  without  any  assump¬ 
tion  about  the  form  of  the  dependence  of  r"1  on  T,  and 
therefore  permit  a  more  direct  test  of  the  Debye  equation 
(1).  In  fact,  the  peaks  at  the  lower  temperatures  are  very 
close  to  Debye  peaks,  as  we  shall  show  later.  For  each 
peak  of  Fig.  3,  a  mean  relaxation  rate  t~ 1  can  be  ob¬ 
tained  from  Eq.  (2). 

The  relaxation  rates  so  obtained  may  be  studied  as  a 
function  of  temperature.  The  plot  of  log10r_l  vs  T~', 
which  seeks  an  Arrhenius  relation,  is  shown  in  Fig.  4  for 
some  of  the  samples.  Clearly,  the  Arrhenius  relation  is 
only  obeyed  reasonably  well  at  the  higher  temperatures. 
Typical  activation  energies  obtained  are  -5-7  meV  with 
preexponentials  v0~107  sec-1.  The  lines  on  this  figure 
show  the  fit  to  Eq.  (7).  Alternatively,  we  may  seek  a 
power-law  dependence  of  the  relaxation  rate  on  tempera¬ 
ture  by  plotting  log10r_l  vs  Iog|0r,  as  shown  in  Fig.  5. 
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FIG.  4.  Values  of  t"1  (obtained  from  the  peak  locations  of 
plots  such  as  Fig.  3)  as  a  function  of  reciprocal  temperature  for 
two-high  quality  cultured  samples  (no.  5)  and  two  natural  sam¬ 
ples  (no.  8).  For  crystal  no.  5  we  compare  Li  swept  and  Na 
swept.  For  crystal  no.  8  we  compare  two  different  irradiations 
that  gave  peak  heights  differing  by  a  factor  of  4.  The  drawn-in 
curves  are  the  best  fits  to  Eq.  (7). 


The  results  are  consistent  with  an  nth  power  dependence 
at  the  higher  temperatures,  where  n  ranges  from  4  to  7 
for  different  samples,  and  a  first  power  dependence  at  the 
lower  temperatures,  in  accordance  with  Eq.  (6).  The 
drawn-in  lines  represent  the  fit  to  Eq.  (6).  In  general,  we 
find  that  the  break  from  the  single  phonon  to  the  multi¬ 
phonon  range  occurs  sooner  (i.e.,  at  a  lower  temperature) 
for  the  higher-quality  crystals  (e.g.,  nos.  3  or  5),  and  later 
for  crystals  with  high  impurity  contents  (e.g.,  nos.  7  and 


FIG.  3.  Same  data  as  Fig.  2  but  plotted  vs  Intu  for  different 
temperatures  from  3.33  to  16.67  K. 


FIG.  5.  The  same  data  as  in  Fig.  4  plotted  as  log,0r  1  vs 
log|0r.  The  drawn-in  curves  are  the  best  (its  to  Eq.  (6). 
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8).  An  important  result,  illustrated  in  Figs.  4  and  5,  is 
that,  whereas  the  relaxation  rates  for  all  of  the  samples 
are  in  agreement  in  the  single-phonon  range  at  6  K  and 
below,  in  the  higher  temperature  range  there  are  striking 
differences  in  r-1  among  different  samples. 

This  conclusion  is  brought  out  even  more  strikingly  in 
Figs.  6  and  7.  Figure  6  shows  the  normalized  peaks  at  5 
K  for  a  wide  variety  of  samples,  with  a  theoretical  Debye 
curve  drawn  in  as  the  solid  curve.  It  shows  that  the  re¬ 
laxation  rate  at  5  K  is  the  same,  to  within  experimental 
error  for  all  of  these  samples  and  that  the  relaxation  be¬ 
havior  deviates  very  little  from  a  Debye  process.  Since 
the  omperature  of  5  K  is  well  within  the  single-phonon 
region  we  conclude  that  the  single-phonon-assisted  tun¬ 
neling  process  is  a  very  simple  one.  It  is  also  concluded 
thi.t  the  defect  involved  must  be  one  and  the  same  for  all 
of  the  samples,  i.e.,  that  there  is  no  evidence  for  any  per¬ 
turbations  due  to  the  type  of  alkali  present  or  to  the  mag¬ 
nitude  of  the  Al  concentration.  In  other  words,  the  relax¬ 
ation  is  produced  by  a  simple  isolated  defect  that  is 
present  in  all  of  these  samples. 

By  contrast.  Fig.  7  shows  the  same  type  of  normalized 
plot  for  the  same  samples  at  12.5  K.  Now  the  peak  loca¬ 
tions  are  all  different,  as  is  the  extent  of  broadening  and 
the  asymmetry  of  the  broadening  for  the  various  samples. 
From  Fig.  5  we  see  that  12.5  K  falls  in  the  multiphonon 
range.  Clearly,  we  must  say  that  in  this  range  the  relaxa¬ 
tion  process  is  sample  dependent.  This  can  only  mean 
that  it  is  dependent  on  the  presence  of  defects  in  the  crys¬ 
tal.  It  is  interesting  that  the  peaks  in  Fig.  7  are  less 
broadened  and  less  asymmetric  for  the  lower-purity  crys¬ 
tals,  i.e.,  those  that  remain  in  the  single-phonon  range  to 
higher  temperatures. 

In  view  of  these  unusual  results,  we  have  raised  the 
question  of  whether  the  5-  and  12.5-K  peaks  may  be 
different  relaxation  phenomena.  A  good  test  of  this  pro¬ 
posal  is  to  see  how  the  relaxation  strength  A  varies  as  a 
function  of  temperature.  The  precise  way  to  obtain  relax¬ 
ation  strength,  especially  when  peak  broadening  occurs, 
is  to  obtain  the  areas  under  the  peak.  This  is  difficult  to 
do  in  the  present  case  because  of  the  lack  of  data  in  the 
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FIG  6  Normalized  dielectric-loss  peaks  as  measured  at  5  K 
for  several  samples.  The  curve  drawn  is  the  theoretical  Debye 
curve  (Eq.  1 1)J. 
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FIG.  7.  Normalized  dielectric-loss  peaks  measured  at  12.5  K 
for  several  samples.  The  peaks  are  now  asymmetric  and  consid¬ 
erably  wider  than  a  Debye  peak. 


tails  of  the  peaks  due  to  the  limited  frequency  range.  In¬ 
stead,  we  have  approximated  the  relaxation  strength  by 
taking  the  peak  height  multiplied  by  the  width  at  half¬ 
maximum.  Since  the  peaks  are  asymmetric  we  have  sepa¬ 
rately  measured  the  half-peak  widths  on  both  the  high- 
frequency  and  low-frequency  sides.  Figure  8  illustrates 
the  results  for  the  sample  no.  8  (Li).  It  shows  that 
whereas  the  peak  height  decreasesrapidly  with  increasing 
temperature,  the  width  increases  so  as  to  compensate. 
Thus,  the  product  of  height  and  width  remains  constant, 
to  within  experimental  error,  over  the  entire  temperature 
range  of  the  measurements,  including  both  the  single¬ 
phonon  and  multiphonon  regions.  These  results  seem  to 
eliminate  any  doubt  that  the  same  defect  relaxation  pro¬ 
cess  is  occurring  at  12.5  K  as  at  5  K,  but  indicate  that 
only  the  kinetics  of  the  process  are  drastically  different  at 
these  two  temperatures. 

Table  II  gives  a  summary  of  the  principal  results  ob¬ 
tained  for  representative  samples  that  we  have  studied  as 
a  function  of  temperature  and  frequency  in  the  manner  of 
Figs.  3-5.  Included  are  the  parameters  obtained  by  com¬ 
puter  fitting  the  data  for  the  variation  of  r~l  with  tem¬ 
perature  to  Eq.  (6)  (parameters  A,  B,  and  n)  and  to  Eq. 
(7)  (parameters  A',  v0,  and  E ).  The  low-temperature  pa¬ 
rameters,  A  or  A',  are  not  very  sensitive  to  the  different 
samples  or  to  the  fitting  procedure,  but  the  higher- 
temperature  parameters  are  more  sensitive  to  these  fac¬ 
tors.  The  uncertainty  in  the  fitting  of  n  is  approximately 
±0.5,  while  that  of  E  is  ±0.5  meV.  A  convenient  way  of 
comparing  where  each  sample  falls  in  a  plot  of  the  type  of 
Fig.  4  or  5  is  to  quote  r-’  at  10  K,  as  given  in  the  last 
column  of  Table  II.  These  values  are  high  for  the  high- 
quality  crystals  nos.  1,  3,  and  5,  consistent  with  t heir  ear¬ 
ly  transition  from  the  single  to  the  multiphonon  region, 
and  low  for  the  more  impure  crystals,  particularly  nos.  7 
and  8.  What  is  particularly  striking  is  that,  for  a  given 
crystal,  this  value  of  r_l  is  almost  the  same  for  widely 
different  radiation  doses  (and,  therefore  peak  heights)  and 
for  Na  versus  Li  sweeping.  It  must  be  concluded  that  the 
values  of  t~\  and  therefore  the  single-phonon  to  multi- 
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FIG.  8.  Upper  plot:  Variation  of  peak  height,  Ttan6mai,  and  of  peak  width  on  both  the  low-frequency  and  high-frequency  sides,  as 
a  function  of  temperature  for  No.  8  (Li)  sample  y  irradiated  for  4  h.  Lower  plot:  Product  of  (height)  x  (width)  from  the  above  data  as 
a  function  of  temperature. 


phonon  transition,  are  controlled  by  defect  properties 
created  in  each  sample  during  the  growth  process  rather 
than  the  radiation  dose  or  the  nature  of  the  impurity 
compensating  for  Al3  +  . 

Thus  far,  we  have  concentrated  mainly  on  the  kinetic 
aspects  (i.e.,  on  r-1 )  of  the  relaxation.  There  are  a  num¬ 
ber  of  further  observations  concerning  the  relaxation 
strengths  that  are  worth  stating.  In  general,  the  peak 
height  is  nearly  the  same  for  Li-swept  and  Na-swept  sam¬ 
ples  from  the  same  crystals.  Hydrogen  sweeping  is 
different,  however,  in  that  the  peak  is  much  smaller. 


Thus,  for  example,  while  the  5-K  peak  heights  for  the  Li 
or  Na  swept  no.  3  crystal  are  about  260,  the  values  for 
no.  4  which  is  from  the  same  growth  batch  but  air  swept 
(by  Sawyer  Research  Products  Inc.)  is  only  about  10  (all 
in  units  of  10~5). 

Another  important  result  concerns  the  anisotropy  ratio 
Ra*  Eq.  (5).  This  ratio  was  carefully  measured,  by  com¬ 
paring  two  samples  from  crystal  no.  1,  in  the  parallel  and 
perpendicular  orientations,  respectively,  after  both  were 
given  identical  irradiations.  The  experimental  value  was 
Ra  =0.90.  The  consequence  of  this  result  will  be  con- 


TABLE  II.  Summary  of  representative  results  for  relaxation  rates.  (All  samples  are  oriented  parallel  to  the  c  axis  except  for  no.  1 
1)  Parameters  A,  B,  wand  A',vn,  E  are  obtained  by  fitting  to  Eqs.  (6)  and  (7). _ _ _ 


Ttan6m„ 

A 

B 

A' 

Vo 

E  T 

1  at  10  K 

Sample  No. 

Treatment 

at  5  K  (10  ’  K) 

(sec  K )  1 

(sec  'K  ") 

n 

(sec  K ) 

1  (sec  - 1 ) 

(meV)  ( 

10'  sec  1 ) 

1 

y  irr.,  4  h 

400 

120 

1.2  x  10  1 

5.3 

140 

2x  I07 

4.5 

25 

1  (1) 

y  irr.,  4  h 

440 

155 

3.4  x  10"' 

6.4 

160 

8  x  I0‘ 

5.5 

14 

2  (vacuum) 

340 

145 

3-6  x  10  2 

4.7 

180 

1 .4  x  10" 

5.9 

3.4 

3  (Na) 

y  irr.,  4  h 

1120 

135 

8.6x  10-’ 

6.0 

145 

5  X  10" 

5.5 

16 

3  (Li) 

y  irr.,  4  h 

1460 

135 

50x  10  1 

6.5 

145 

1  x  107 

5.3 

20 

5  (Na) 

x  irr.,  4  h 

1215 

130 

8.0  x  10  4 

7.0 

140 

4  3  x  I07 

7.4 

10 

6  (Na) 

y  irr.,  4  h 

3400 

129 

1.1  x  10  1 

4.6 

144 

7  v  I05 

4.2 

4.5 

7  (Na) 

y  irr  ,  4  h 

10100 

145 

4.2  x  10  J 

4.5 

150 

5  x  10' 

5.8 

2.2 

7  (Li) 

y  irr.,  4  h 

10  500 

145 

1.1x10  2 

5.4 

150 

2  x  10" 

5.6 

3.3 

8  (Na) 

x  irr  ,  4  h 

1740 

156 

l.2x  10  4 

6.8 

158 

4  x  10" 

7.3 

2.5 

8  (Na) 

Y  irr.,  4  h 

7220 

156 

1.2x10  4 

6.8 

158 

4  x  10" 

7.3 

2.5 

8  (Li) 

y  irr.,  4  h 

6780 

153 

1.2x  10  4 

6.9 

155 

6  x  10" 

7.5 

2.5 
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sidered  m  the  next  section. 

An  interesting  result  that  follows  from  data  such  as 
that  in  Fig.  8  is  that  f  A  is  constant  down  to  -  3  K.  But 
this  result  is  simply  Curie's  law  for  the  relaxation  pro¬ 
cess.  i.e  .  that  A  /  .  The  third  law  of  thermodynam¬ 

ics  requires,  however,  that  A  -const  as  7  -0.  or  that 
LA  -0  Clearly  from  Fig.  8,  there  is  not  yet  any  evi¬ 
dence  for  this  limit  at  3  K.  This  result  contrasts  with 
that  reported  by  de  Vos  and  Volger. 

Considering  our  earlier  conclusion  that  the  present  "ir¬ 
radiation  peak"  must  be  due  to  a  simple  isolated  point  de¬ 
fect  that  is  present  in  all  of  these  samples,  the  most 
reasonable  candidate  that  suggests  itself  is  the 
aluminum-hole  (Al/i)  center,  which  is  known  to  be 
present  in  irradiated  a  quartz.  Since  the  Al-/r  center  is 
identifiable  in  terms  of  its  characteristic  EPR  spectrum, 
we  selected  several  of  the  samples  studied  herein  to  be 
EPR  analyzed.  In  each  case,  the  EPR  samples  were  tak¬ 
en  from  the  central  region  of  the  samples  used  for 
dielectric-loss  measurements.  This  was  done  to  ensure 
that  both  EPR  and  dielectric-loss  measurements  were 
made  on  the  same  sample  and  thus  minimize  the 
discrepancy  that  could  arise  from  an  inhomogeneity  in 
the  defect  concentration  in  the  crystal.  On  the  other 
hand,  these  samples  were  subject  to  some  room- 
temperature  annealing  during  transportation,  which  can 
cause  a  small  decrease  of  the  irradiation  peak.  Included 
among  the  samples  selected  was  the  vacuum-swept  sam¬ 
ple,  the  only  one  that  showed  ail  "irradiation  peak” 
without  irradiation.  Indeed,  this  sample  also  showed  an 
EPR  signal  due  to  the  AI-6.  Infrared  measurements 
showed  that  all  of  the  OH  bands  were  absent  in  this 
sample,  even  though  it  had  been  previously  H  swept. 
This  suggests  that,  as  protons  (H  +  )  were  swept  out,  holes 
were  introduced  into  the  sample  during  the  vacuum 
sweeping  to  compensate  for  the  aliovalent  charge  on  the 
Ai’-. 

A  summary  of  the  results  of  this  comparison  is  given  in 
Fig.  9.  Here  we  have  plotted  the  height  of  the  5-K  dielec¬ 
tric  peak  as  a  function  of  the  strength  of  the  EPR  signal, 
i The  latter  is  converted  to  a  concentration  of  Al-7i  in 
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FIG  9.  I.og-log  plot  of  dielectric  peak  height,  rtan6m„  at  5 
K  vs  strength  of  A 1  -A  EPR  signal  (converted  to  Al-ti  concentra¬ 
tion  through  a  previous  calibration).  The  straight  line  drawn 
represents  a  direct  proportionality  between  these  two  quantities 


ppm,  however,  using  an  earlier  calibration!.  “  Because 
of  the  wide  taiige  of  Al-h  concentrations  covered,  the  re¬ 
lationship  shown  in  Fig.  9  is  given  in  the  form  of  a  log-log 
plot.  The  straight  line  drawn  (with  slope  =  1 1.  represent¬ 
ing  a  direct  proportionality  of  the  dielectric  peak  height 
to  the  EPR  signal,  agrees  with  the  data  to  within  experi¬ 
mental  error.  Considering  the  variety  of  samples  and  the 
wide  range  of  peak  heights  involved  in  Fig.  9  Covering  a 
factor  -  30).  it  seems  reasonable  to  conclude  that  the  "ir¬ 
radiation  peak"  height  is  indeed  proportional  to  the  A 1  -  A 
center  concentration.  Figure  9  also  gives  a  calibration 
constant  for  the  height  of  the  5-K  peak,  as  follows: 

1  ppm  of  Al-fi  *tanbmjI  =  60  x'  10  ' 

Further  evidence  for  the  close  relationship  between  the 
height  of  the  dielectric-loss  peak  and  the  Al-/i  F.PR  spec¬ 
trum  comes  from  an  annealing  experiment.  Although  we 
are  not  dealing  with  the  annealing  behavior  of  these 
centers  in  the  present  paper,  it  is  noteworthy  that,  follow¬ 
ing  the  anneal  of  an  irradiated  sample  at  230  °C  for  -h, 
both  the  dielectric  peak  and  the  EPR  signal  (both  mea¬ 
sured  on  the  same  sample)  were  found  to  have  fallen  to 
almost  precisely  half  the  values  that  they  had  in  the  ini¬ 
tial  irradiated  condition. 

V.  DISCUSSION 

The  suggestion  that  the  low-temperature  dielectric-loss 
peak  is  due  to  aluminum-hole  (Al-/t )  centers  was  made  by- 
Taylor  and  Farnell’3  and  by  de  Vos  and  Volger, 10  but  fur¬ 
ther  study  of  this  peak  showing  its  complexity  and  its 
variation  from  sample  to  sample  had  led  us  to  question 
this  assignment."  In  the  present  work,  however,  the 
discovery  of  the  uniqueness  of  the  peak  as  measured  at  5 
K,  as  well  as  the  comparison  of  its  magnitude  with  that 
of  the  EPR  signal  showing  the  linear  relationships  given 
by  Fig.  9,  seems  to  leave  no  serious  doubt  that  the  dielec¬ 
tric  peak  originates  in  AI -h  centers.  The  fact  that  the 
peak  is  much  lower  in  hydrogen-swept  samples  is  con¬ 
sistent  with  the  demonstrated  predominance  of  AI-OH 
centers  over  Al-/i  centers  in  //-swept  samples  irradiated 
at  room  temperature. 22 

Figure  1  shows  that  there  are  four  oxygen  ions  about  a 
substitutional  AI,  which  are  equivalent  in  pairs,  as  a 
consequence  of  the  C2  axis  of  symmetry.  These  are  com¬ 
monly  referred  to  as  the  short-bond  and  long-bond  oxy¬ 
gens  (with  Si-O  distances  of  1.608  and  1.613  A,  respec¬ 
tively  in  the  perfect  crystal.)  EPR  studies  have  shown 
that,  in  the  Al-/i  center  at  cryogenic  temperatures,  the 
hole  resides  on  the  nearest-neighbor  oxygen  ion  that 
forms  a  long  bond  with  the  substitutional  AI.  4  It  must 
then  be  concluded  that  dielectric  relaxation  takes  place 
by  reorientation  of  the  hole  between  the  two  long-bond 
oxygens. 

An  opportunity  to  check  this  conclusion  comes  from 
the  anisotropy  ratio,  R a  as  measured  on  crystal  no.  1  (see 
Table  II).  Equation  (5)  gives  an  expression  for  this  ratio 
in  terms  of  the  ratio  of  dipole  components  /x,  //x,.  This, 
in  turn,  is  just  the  ratio  of  coordinates  x  ,  /*,  of  the  oxy¬ 
gen  on  which  the  hole  resides  (taking  the  AT’4  at  the  ori¬ 
gin.)  From  the  experimental  value,  Ra  =0.90,  we  obtain 
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x,/.x,  =0.68.  Although  the  bond  lengths  are  per¬ 

turbed  by  the  introduction  of  the  hole  and  the  substitu¬ 
tion  of  A1 ; '  for  Si4  * ,  if  we  assume  that  the  angular  rela¬ 
tionships  of  the  bonds  are  very  nearly  unaltered,  we  may 
use  the  oxygen  coordinates  in  the  perfect  lattice  to  calcu¬ 
late  x,/.x,  .  On  this  basis,  and  using  the  crystallo¬ 
graphic  data  in  Wyckoff,  '  we  calculate  0.56  for  this  ratio 
for  the  long-bond  oxygens,  a  result  that  may  be  regarded 
as  representing  reasonably  good  agreement  with  the  ex¬ 
perimental  values  considering  both  the  assumptions  made 
and  the  experimental  uncertainty.  On  the  other  hand,  if 
the  hole  were  on  the  short  bond,  a  ratio  of  1.9  would  be 
calculated,  which  is  quite  unacceptable.  Thus,  the  anisot¬ 
ropy  result  provides  further  support  for  the  fact  that  the 
hole  resides  on  the  long  Al-O  bonds. 

Another  interesting  calculation  is  to  make  use  of  Eq. 

1 3 1  and  our  present  calibration  of  the  peak  height  in  terms 
of  the  W-h  concentration,  to  obtain  the  component  /i,  of 
the  effective  dipole  moment.  When  the  appropriate  num¬ 
bers  are  substituted,  we  obtain  /r,  =  e  ■>  0.5  A,  where  e  is 
the  electronic  charge.  This  is  quite  a  reasonable  result, 
considering  that  the  relaxing  hole  is  located  along  the 
Al — O  long  bond. 

A  particularly  interesting  feature  of  the  present  Al-/t 
relaxation  concerns  the  changeover,  with  increasing  tem¬ 
perature.  from  a  one-phonon  to  a  multiphonon  process. 

I  et  u<  first  say  that  the  mere  existence  of  such  a  change- 
over  is  not  surprising,  since  such  behavior  has  been  wide¬ 
ly  observed  for  other  dipole  systems  that  relax  at  very 
low  temperatures. 16  What  is  unusual  here  is  the  demon¬ 
stration  that,  whereas  the  relaxation  process  is  a  unique 
simple  Debye  process  in  the  one-phonon  regime,  it  be¬ 
comes  much  more  complex,  as  well  as  sample  (defect) 
dependent,  in  the  multiphonon  regime.  There  are  two 
types  of  multiphonon  processes  that  may  be  considered, 
viz.,  Orbach  and  Raman.26  In  the  Orbach  process,  the 
transition  occurs  through  a  real  excited  state  and  results 
in  r  1  obeying  an  Arrhenius  equation  (7)  with  E  as  the 
excitation  energy.  In  the  Raman  process,  the  transition 
occurs  through  a  virtual  state,  and  a  Tn  power  law  [as  in 
Eq.  (6)]  is  obtained.  Since  E  is  not  found  to  be  constant 
for  the  various  samples  (see  Table  II),  as  would  be  expect¬ 
ed  for  an  Orbach  process,  while  n  values  fall  in  the  range 
4-7,  consistent  with  various  theoretical  approaches, 17  21 
it  seems  more  likely  that  Raman  processes  are  involved 
here.  A  qualitative  interpretation  of  the  present  results 
may  be  given  as  follows.  At  the  lowest  temperature  only 
a  one-phonon  tunneling  transition  can  produce  reorienta¬ 
tion  of  the  hole  between  the  pairs  of  long-bond  oxygen 
sites.  This  is  a  unique  process,  and  thus  results  in  a 
unique  single  relaxation  time  for  all  samples.  As  the  tem¬ 
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perature  increases,  shorter  wavelength  (or  higher  wave- 
number)  phonons  are  excited,  increasing  the  probability 
of  a  Raman  two-phonon  process.  Such  a  process  can  in¬ 
volve  a  shorter  relaxation  time  than  the  one-phonon  pro¬ 
cess,  but  since  many  different  combinations  of  phonons 
can  induced  the  transition,  it  no  longer  involves  a  unique 
relaxation  time.  Thus,  the  broadening  of  the  peak,  as 
shown  in  Fig.  7,  occurs.  In  addition,  however,  such  pho¬ 
nons  of  relatively  high  wave  number  are  also  more  sus¬ 
ceptible  to  scattering  by  crystal  defects  'both  point  de¬ 
fects  and  dislocations).  The  occurrence  of  such  scattering 
interferes  with  the  multiphonon  process  and  thus  ac¬ 
counts  for  the  large  variation  in  r  values  among  different 
samples,  as  shown  in  Figs,  4  and  5  and  in  Table  II  The 
fact  that  the  more  impure  crystals  nos.  7  and  8i  remain 
longer,  i.e.,  to  higher  temperatures,  in  the  single-phonon 
regime  supports  this  interpretation  Further  evidence  for 
the  scattering  of  phonons  by  defects  is  obtained  from 
thermal-conductivity  measurements.  Such  measurements 
show  that  crystals  containing  point  defects  have  a  lower 
thermal-conductivity  maximum  (near  10  K>,  due  to  the 
decrease  in  the  phonon  mean  free  path  produced  by  de¬ 
fect  scattering. 2 

It  would  be  interesting  to  see  if  the  present  observa¬ 
tions  of  defect  sensitivity  of  the  multiphonon  process  for 
the  Al-A  center  in  quartz  can  also  be  observed  for  other 
tunneling  dipoles  (eg.,  Li*  in  KC1,  OH  in  alkali 
halides,  etc.).  Such  experiments  could  be  carried  out  by 
studying  the  dependence  of  t  " 1  vs  T  in  a  series  of  sam¬ 
ples  that  have  been  deliberately  doped  with  another  im¬ 
purity. 

In  summary,  the  principal  results  of  the  present  study 
show  (i)  that  the  low-temperature  “irradiation  peak”  is 
produced  by  the  aluminum-hole  center,  (ii)  that  below 
~6  K  the  relaxation  of  the  hole  between  the  two  long- 
bond  oxygens  takes  place  by  a  one-phonon  process,  and 
above  this  temperature  by  a  multiphonon  process,  and 
(iii)  that  the  relaxation  kinetics  in  the  multiphonon  range 
are  strongly  sample  dependent,  due  to  the  role  of  crystal 
defects  in  producing  phonon  scattering. 
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Summary 

Iron-doped  quartz,  notably  cultured  amethyst,  has 
been  studied  by  combining  the  techniques  of  dielectric 
relaxation  (DR )  and  electron  spin  resonance  (ESR)  on 
the  same  samples.  ^In  addition,  samples  examined  were 
swept  with  N a  ,  LI  and  H  .  The  DR  results  show  four 
new  relaxation  peaks  (at  20,  99,  138  and  195  K  for  a  1 
kHz  frequency)  two  of  which  (20  and  138  K)  appear  only 
for  Na-swept  samples.  The  ESR  measurements  show  three 
centers  S1  .  S  and  S  .  The  S  center  is  believed  to  be 
due  to  substitutional  Fe3  with  an  adjacent 
interstitial  Li  ion,  while  the  S2  is  due  to  an  Fe-OH 
center.  On  the  other  hand,  the  S.  spectrum,  which 
apparently  has  not  been  reported  previously,  is  due  to 
Fe-Na  pairs,  and  is  related  to  the  20  K  and  1 38  K  DR 
peaks.  It  appears  that  the  S,  and  S,  centers  do  not 
have  DR  equivalents.  Accordingly,  the  99  K  and  195  K  DR 
peaks  may  be  related  to  Fe  in  a  valence  state  other 
than  3‘- 


Introduct l on 

It  is  well  known  that  impurities  and  point  defects 
play  a  large  rcle  in  determining  the  properties  or 
a-quartz,  and  thus  determine  its  usefulness  for  2 
precision  frequency  control  in  electronic  devices. 

There  has  been  a  long-standing  Interest  in  the  effects 
pf  Fe  in  quartz,  particularly  in  view  of  the  naturally 
'occurring  forms  of  amethyst  and  citrine.  In  spite  of  a 
large  number  of  studies,  however,  it  can  be  said  that 
we  know  relatively  little  about  defects  involving  Fe  as 
an  impurity  compared,  for  example,  to  those  Involving 
Al.  In  fact,  with  the  aid  of  a  wide  ranges  of 
techniques  (especially  infrared  absorption,  dielectric 
and  anelastlc  relaxation  and  electron  spin  resonance: 
ESR)  it  h^s  been  found  that  Al3  ions  subs 1 1  tut icnall y 
occupy  Si  sites_at  the  center  of  a  distorted 
tetrahedron  of  0*"  ions  (see  Fig.  1),  and  that  the 
Al  ion  1 3t charge^compensated  by  either  an  interstitial 
alkali  (Li  or  Na  )  or  a  proton  (H  ) .  In  this  way 
centers  called  A  1**L  1 ,  Al-Na  or  A1K0H  are  formed,  the 
latter  designation  because  the  proton  resides  on  one  of 
the  adjacent  0  ions  forming  an  OH  ion.  Finally, 
irradiation  at  room  temperature  can  drive  off  an  alkali 
and  replace  it  with  an  electron  hole  to  obtajn  the 
aluminum-hole,  Al-h,  center.  The  case  of  Na 
compensation^  Al-Na  center)  is  especially  interesting, 
since  the  Ma*icn  resides  off  the  2-fcld  symmetry  ixls 
(denoted  by  C,  in  Fig.  1)  in  one  of  two  sets  of 
equivalent  si£es  (denoted  by  a  and  3  in  Fig.  1).  This 
defect  then  gives  rise  to  two  dielectric  relaxation 
peaks,  cn<>  due  to  the  a  sites,  the  other  to  the  6 
sites,  and  similarly  it  gives  rise  to  tj  pair  of 
anelastlc  (internal  frlojion)  peaks.'”  In  the  case  of 
the  Al-t.l  defect,  the  Li  ion  sits  on  the  C,  a^ls  and, 
therefore,  produces  r.o  such  relaxation  peaks. 


3  ♦  3  s 

The  Fe  ion  differs  from  Al  In  several  important 

3  * 

ways.  First,  it  has  a  larger  ionic  radius  than  Al 
ang^theref ore  is  much  larger  (by  -  50t)  than  the 
Si  ion.  Second,  it  can  change  valence  under 
irradiation  conditions,  while  Al3  probably  does  net. 
Finally,  it  possesses  a  half-filled  3d  shell  (3d3),  so 
that,  unlike  the  Al3  Ion,  It  Is  paramagnetic  and  gives 
rise  to  a  strong  ESR  spectrum.  This  allows  one  to 
obtain  information  about  Its  crystal  site  and  nearby 
defects.  Thus,  in  contrast  to  Al“containlng  quartz, 
where  ESR  signals  can  only  be  observed  following 
irradiation,  ESR  has  provided  the  principal  technique 
for  the  study  of  Fe-contal ni ng  quartz.  A  brief  review 
of  the  literature  shows  that  four  distinct  ESR  spectra 
have  received  major  attentlcn.  Tge^first  of  these  to  be 
characterized  was  the  S,  centfr.  ’  This  defect 
apg^rently  consists  of  an  Fe3  ion  substituting  for  a 
SI  with  an  adjacent  interstitial  Li  ion  prqpdlng 
the  needed  charge  compensat i on .  A  similar  Fe"'  ESR 
spectrum,  except  with  a  larger  crystal  field  splitting 
and  a  weak  hyperflne  splitting  due  to  an  I  •  1/2 


Fig.  1.  Schematic  diagram  showing  the  distorted 

tetrahedron,  the  basic  structuraj^unit  of 
a-quartz,  with  A1J  replacing  Si  .  The 
tetrahedron  contains  a  single  twofold  symmetry 
axis  (In  the  x  direction)  designated  C,.  Also 
shown  are  the  two  equivalent  a-sites  and  the 
two  equivalent  3-?itb?-  *n  interstitial  Na 
compensating  the  A1J  will  go  into  one  of 
these  four  sites. 
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1  0^  x  tan 


Temperature  (K) 


Fig.  2.  Di“leotrlc  loss ,  tar  f,  at  1  kHz  a?  a  function 
of  temperature  from  3  to  120  K  for  a  Na-'?wppt 
amethyst  sample. 


Sample?  for  dielectric  studies  were  Irradi  it*'d  at 
room  temperature  with  x-rays  from  a  tungsten  target 
sou-ce  operated  at  20  mA  and  70  kV.  Soft  x-ray?  were 
filtered  out  by  a  layer  of  sputtered  silver  electrode, 
and  a  glass  filter.  Other  sample?  were  Irradiate;  at 
room  temper  ture  with  Y-rays  fron  a  Co  sour'd  at 
Broowhaven  National  Laboratory,  to  a  total  Jose  of  2 
Mrads . 

For  dielectric  measurements,  the  samples  were 
transferred  to  a  Super  Varltemp  C-yostat  (Jams  Corp)  . 
and  cooled  down  to  liquid  helium  or  liquid  nitrogen 
temperature?.  An  automated  capacitance  bridge  (  Andeen 
Assoc.)  was  use  to  carry  out  the  dielectric  loss 
measurements.  The  measurements  cover  a  frequency  range 
oi  I7Hz  to  ICO  kHz  and  a  temperature  range  of  3 -272  K. 

Elect "on  spin  resonance  (E5R)  data  were  obtained 
from  a  Bruker  EreOQD  spectrometer .  The  microwave 
frequency  was  9.3  GHz  an'  the  modulation  frequency  was 
10.  kHz.  All  the  ESR  spectra  described  in  this  paper 
were  taken  at  27  K  using  an  Oxford  Instruments  liquid 
helium  flow  system.  Dimensions  of  the  ESR  samples  were 
approximately  2x3x7  mm',  and  the  magnetic  field  was 
always  aligned  parallel  to  the  crystal's  c  axis  (l.e., 
the  smallest  dimension).  The  ESR  samples  were  also 
irradiated  at  room  temperature  with  2-MeV  electrons 
fron  a  Van  de  Craaff  accelerator. 


nucleus,  has  been  designated  the  S.,  ■ 
defect  is  a  substitutional  FeJ  with 


8,9 

:enter.  This 
an  adjacent 


proton,  in  the  form  of  an  OH  ton,  providing  the  charge 


com pens  it i ~n . 


3  ♦ 

A  third  pe  spectrum  that,  has  been  widely  studied 
is  tree  i  >.*  i  l  -enter.  '  There  I?  significant 

de‘ at  >*  "ver  whether  jhe  I  center  is  an  interstitial  or 
a  sut  St  i  tut ;  "n.ii  ion.  In  either  case,  the  charge 

c?mp>e::>  a  t ;  on  mechanism  remains  unidentified.  A  final, 
EGR  spectrun  -f  imyrrj  "ce  has  been  reported  by  Cov. 

It  is  assigned  to  F e  1  or’.s  and  is  diner,))'  relate",  be 

the  amethyst  color  itself. 


-he  ob  1  i  Ye  of  the  present  w"tk  is  to  carry  out 
a  st-jly  of  Fe- doped  quartz  using  the  combination  of 
dielectric  relaxation  and  EG R  techniques  on  the  sauce 
(cultured)  simples.  In  addljign,  the  technique  of 
electrodift  ■,■>;  -n  (sweeping)1  '  is  used  so  as  to 
introduce,  is  much  as  possible,  only  a  single  alkali  or 
hydrogen  as  the  principal  compensator  for  both  Al'  3nd 
Fe*  in  a  given  samp.e.  because  of  these  two  features: 
the  simultaneous  use  of  two  different  techniques,  and 
the  control  over  the  monovalent  compensator,  it  is 
hoped  that  a  fuller  picture  of  Fe  defects  in  quartz 
would  emerge  from  the  present  work  than  had  hitherto 
been  obtained. 


Experimental  Methods 

Two  samples  of  cultured  amethyst  obtained  from 
Sawyer  were  avallble  for  study.  They  were  both  grown 
with  rhombohedral  seeds.  The  second  of  tnese  was  a 
large  crystal  that  was  oriented  so  that  samples  could 
be  cut  parallel  to  the  e-axis.  Such  samples  were  then 
suitable  for  sweeping,  whi eh  was  carried  out  by  J.J. 
Martin  at  Oklahoma  State  University.  The  samples  were 
goner  illy  1.7  cm'  and  1-2  mm  thick,  with  the  thin 
dimension  parallel  to  the  c-axls.  In  addition  to 
sweeping,  samples  from  both  crystals  were  subjected  to 
Irradiation  and  anneal  treatments. 


Re  u] ts  anu  Discussion 
Dielectric  Relaxation  (DR) 

Swept  p-amples  were  eithe  Na-  or  Li-  swept,  or 
swept  in  air  to  eliminate  alkalis  and  substitute  H 
(designated  H-swept).  The  most  interesting  results 
were  obtained  foi  the  Na'-swept  samples.  Figure  2  shows 
the  die)  -trie  loss  plot  for  a  Na-swept  sample  In  the 
temporat -.i  e  range  from  3  to  110  K,  while  Fig.  3  show? 
the  results  for  all  three  sweepings  in  the  higher 
temperature  range  30  to  727  K .  First  it  should  be 
noted  that  the  Na-swept  sample  shows  the  well-known 
peaks  at  30  K  and  75  K  due  to  the  Al-Na  center.  (All 
peak  temperatures  are  quoted  for  a  frequency  of  1  kHz.) 
From  the  height  of  the  '0  K  peak  and  the  previous 
calibration  of  this  peak,  it  is  concluded  that  the 


FIR.  3. 


Comparison  of  dielectric  1"S?  for  Na- .  Li-  and 
H-swept  amethyst  in  the  1 ntrmedi ate 
tempera'  ,re  range.  For  clarity,  the  two  upper 
curves  nave  be°n  dlspla.'0  upwards. 
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Table  1.  Heights  of  Fe-related  Dielt.-et~ie  Loss 

Peaks  in  Amethyst  Samples  Given  Different 
Treatments 


(Peak  heights 

‘  i  n 

units 

tan  6 

max 

Of  10‘ 

Sample  anr 

Treatment 

20K 

99K 

1381. 

195K 

As  re c' d  (Ann  .  ) 

__ 

15 

_ 

10 

As  rec'd  (T-Irr.) 

- 

9 

- 

63 

H- swept 

- 

16 

- 

10 

H-swept  'X-lrr.) 

- 

13 

- 

25 

Ll -swept-A 

- 

20 

- 

8 

Ll- swept- B 

- 

17 

- 

3 

Na-swept -  A 

58 

1 1 

U 

- 

Na- swept- B 

90 

10 

6 

- 

Na-swept-B  (y-Irr.) 

<1 

9 

1 

- 

concentration  of  Al-Na  centers  is  130  pp . ,  a  rather 
large  A1  concentration.  Second,  it  should  be  noted  that 
there  are  two  unique  new  peaks  in  the  Na-swept 
amethyst,  those  at  20  K  and  138  K,  respectively. 

Third,  there  Is  a  peak  at  99  K  that  occurs  for  all 
three  swept  samples.  This  peak  Is  ubiquitous  for 
Fe-doped  samples,  and  has  been  observed  as  well  In 
citrine  samples.  Finally,  there  Is  a  peak  at  195  K 
only  for  the  Li^swept  and  H-swept  samples.  A  summary 
of  all  of  these  results  is  presented  In  Table  1  which 
gives  the  heights  of  all  of  these  peaks.  At  the  same 
time.  Table  2  gives  the  activation  energy,  E,  and 
pre-exponenttal ,  v  ,  for  each  peak,  as  obtained  from 
the  shift  of  the  peak  with  changing  frequency,  <j. 


Table  2.  Activation  Fnergies  and  Pre-exponentials 
of  Fe-related  Pea  s 


T  E  vo 

f  or  1  kHz  C  e V )  ( sec 


20 

0.030 

1.5 

X 

99 

0.17 

9  x 

10 

138 

0.22 

5  x 

10 

195 

0.37 

2  x 

10 

) 


19 
1 1 
13 


1 1 
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All  of  these  peaks  are  very  close  to  Debye  peaks, 
and  therefore  must  be  produced  by  simple  point  defects. 
Some  additional  peaks  have  been  observed  at  still 
higher  t  mperatures,  but  since  these  are  very  large  and 
not  always  reproducible,  It  is  concluded  that  they  may 
arise  from  second-phase  particles  and  Interfaces. 

The  only  additional  peak  produced  by  Irradiation 
In  all  of  these  samples  Is  the  low  temperature  peak 
near  10  K.  This  Is  the  peak  that  has  been  studied  in 
Retail  and  Is  now  established  t<p^ be  due  to  the 
aluminum1- hole  (Al-h)  center,.  ’  Thus,  there  is  no  new 
Irradiation  peak  due  to  Iron.  The  absence  of  an  analog 
to  the  4^-h  center  for  Fe  can  be  ex^alned  by  realizing 
that  FeJ  can  change  valence  (to  Fe  )  when  It  captures 
a  hole,  rather  than  forming  a  dipole  by  having  the  hole 
on  an  adjacent  oxygen  Ion,  as  In  the  case  of  \1J  . 
Irridlatlon  does,  however,  change  the  heights  of  the 
other  Fe-related  peaks,  as  shown  In  Table  1. 
Interestingly  enough,  the  20,  99  and  138  K  peaks  all 
are  decreased  by  Irradiation,  but  the  195  K  peak  Is 
strongly  Increased. 

To  summarize  the  dielectric  results,  note  that  we 
have  observed  four  relaxation  peaks  specifically 
related  to  the  presence  of  Fe.  Two  of  these-  at  20  and 
138  K,  are  also  related  to  the  presence  of  Na.  It  Is 
tempting  to  regard  these  peaks  as  due  to  Fe-Na  pairs, 
l.e.  the  analogs  of  the  30  and  75  K  peaks  due  to  the 
Al-Na  center.  The  ubiquitous  99  K  peak  Is  difficult  to 
Identify  at  this  stage.  Finally,  the  195  K  peak,  which 
Is  absent  for  ,1a- swept  samples  and  increases  upon 
Irradiation,  may  be  oonsldereH  as  possibly  due  to  Fe 
compensated  by  H  ,  since  hydij-^gen  Is  present  both  In 
unswept  and  H-swept  samples.  1  Farther,  as  in  the  case 
of  Al-reiated  centers  In  quartz,  room- temperature 
Irradiation  shoul d  1 1  berate  the  alkali  from 
substt t  .tlcnal  Fe^  and  allow  a  proton  to  be  trapped  in 
Its  place. 


I  _ -J _ 1 _ I _ 
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Fig.  9.  ESR  spectra  taken  at  27  K  with  the  magnetic 
'leld  parallel  to  the  c  axis.  Trace  (a)  Is 
from  the  1 1 thlum-swept  sample,  trace  (b)  Is 
from  the  hydrogen-swept  sample,  and  trace  (c) 
Is  from  the  sodium-swept  sample. 


Electron  Spin  Resonance  (ESR) 

An  ESR  sample  was  cut  from  the  center  of  each  of 
the  three  samples  that  had  been  Llu,  Na-*  and  H-swept 
and  first  studied  'y  DR  measurements.  Then,  an  ESR 
spectrum  was  taken  at  27  K  for  each  sample.  Fig.  9  (a) 
shows  the  result  obtained  from  the  1 1 thl um-swept 
sample.  The  only  spectrum  present  Is  the  S1  center. 
This  correlates  with  an  assignment  of  the  S1  center  to^ 
a  substitutional  Fe"5  with  an  adjacent  Interstitial  Ll 
loo.  Other  cultured  amethyst  samples  which  had  not  been 
swept  but  had  been  heated  to  the  900-500°C  range 
exhibited  a  dominant  S^  ESR  spectrum  Just  like  the 
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lithium-swept  sample,  this  strongly  suggests  that  the 
substitutional  FeJ  ions  in  the  ysual  cultured  amethyst 
are  nearly  all  compensated  by  Li  tons. 


Fig.  9  (b)  shows  the  result  obtained  from  the 
hydrogen-swept  sample.  This  spectrum  contains  a  small 
S1  center  and  also  an  Sj  center.  Since  the  center 
corresponds  to  a  proton  compensating  the  FeJ  t  we  would 
suggest  that  this  sample  was  only  partially  swept 
(l.e.,  many,  but  not  allt  of  the  interstitial  lithium 
ions  adjacent  to  the  FeJ  have  been  replaced  with 
protons ) . 

Fig.  9  (c)  shows  the  result  obtained  from  the 
sodium-swept  sample.  This  spectrum  contains  a  very 
small  S  center  and  a  much  larger  spectrum  which  we 
have  labeled  the  S,  center.  To  our  knowledge,  the  S, 
center  has  not  been  previously  reported  in  the 
literature.  We  assign  the  S,  center  to  a 
substitutional  FeJ  ion  wi  ttran  adjacent  interstitial 
Na  ion.  Thus,  we  suggest  that  this  samp’ e  was 
reasonably  well-swept  with  the  major  fraction  of  the 
interstitial  Li  ions  being  replaced  by  Na  ions. 

(This  is  supported  by  the  appearance  of  the  large  Al-Na 
extra  OR  peak  at  30  K  in  the  Na-swept  sample.)  An 
important  feature  of  the  S,  center  is  a  rapid 
spin-lattice-relaxation  tiffle  which  broadens  its  ESR 
spectrum  at  higher  temperatures.  We  could  not  observe 
the  S,  center  above  approximately  30  K  because  of  this 
line  broadening,  whereas  the  S1  and  S.,  centers  can  be 
observed  even  at  room  temperature.  This  rapid 
spin-lattice-relaxation  time  is  consistent  with  the 
small  activation  energy  for  the  20  K  dielectric  loss 
peak  in  Na-swept  samples  (see  Table  2). 

A  striking  change  is  observed  in  the  ESR  spectra 
when  a  sample  is  exposed  to  ionizing  radiation  at  room 
temperature.  The  radiation  (several  Mrads)  destroys 
S1  or  S.  centers  that  are  initially  present  and 
replaces  them  with  3^  centers.  This  is  illustrated  in 
Fig.  5  f or  the  lithium-swept  sample.  This  is  consistent 
with  the  concept,  already  mentioned,  that 
room-temperature  irradiation  should  remove  the  alkali 
ion  from  an  FeJ  ,  thus  allowing  a  proton  to  replace  it. 
In  addition,  Al-h  centers  also  appear  after 
irradiation. 

Two  of  the  centers  reported  earlier,  viz.  the 
po^called  I  center  and  the  center  observed  by  Cox,  i 
have  not  been  observed  in  the  present  work.  A  likely 
explanation  is  that  most  previous  work  on  ESR  of 
Fe-contal  nl  ng  quartz  was  carried  out  on  natural 
crystals,  which  are  probably  more  complex  than  the 
present  (cultured)  crystals. 

Interrelation  of  DR  and  ESR  Results 

The  two  techniques  used  in  this  work  measure  very 
different  defect  properties.  To  obtain  a  dielectric 
relaxation  (DR)  response  requires  that  the  defect 
possess  a  net  dipole  moment  and  be  capable  of  occupying 
more  than  one  equivalent  orientation.  For  electron 
spin  resonance  (ESR)  the  defect  must  possess  an 
unpaired  spin,  so  that  the  spin  states  can  be  split  by 
a  magnetic  field.  The  ESR  technique  is  particularly 
sensitive  to  ions  with  a  3d5  electronic  structure 
(half-filled  3d  shell),  such  as  FeJ  . 

The  newly  observed  20  K  and  138  K  peaks  and  the 
newly  observed  3  center  are  readily  linked  together, 
as  being  caused  By  the  Fe-Na  center  with  the 
interstitial  Na  ion  off-axis,  similarly  to  the  case  of 
the  Al-'la  center  shown  in  Fig.  t.  This  reason  that 
this  center  is  observed  for  the  flr^t  time  in  the 
present  work  is  probably  because  Li  is  the  dominant 
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Fig.  5.  Effect  of  roomJtemperature  radiation  on  the 
lithium- swept 

sample.  Trace  (a)  is  before  irradiation 
and  trace  (b)  is  after  irradiation. 


,  alkali  in  both  natural  and  cultured  crystals,  so  that 
only  after  Na-sweeplng  can  Na  centers  be  readily 
observed.  Previous  workers  did  not  examine  Na-swept 
Fe-doped  quartz. 

i 

The  Sj  center  does  not  seem  to  have  DR 
equivalent.  The  only  possibility  is  the  99  K  peak,  but 
detailed  analysis  of  the  spin  Hamiltonian  for  the  S 
spectrum  shows  that  one  principal  axis  is  parallel  to 
the  2-fold  symmetry  axis  (or  x-axis).  ’  Since  the  S 
center  is  an  Fe-Ll  pair,  this  suggests  that  the  LI  1 
interstitial  resides  on  the  2-fold  axis.  But,  if  this 
is  the  case,  there  is  no  possibility  for  the 
low-temperature  reorl entatlon  required  for  DR  to  take 

place.  The  situation  for  the  Fesalkall  pairs  then 
seems  to  be  quite  analogous  to  that  for  Al-alkali 
pairs,  viz.,  the  Fe-Li  lies  along  the  2-fold  axis  while 
Fe-Na  is  oTf  axis  (as  in  Fig.  1),  and  therefore,  only 
Fe-Na  gives  rise  to  DR.  Then  to  what  defect  can  the 
ubiquitous  99  K  peak  be  attributed?  Since  it 
represents  a  substantial  concentration  of  Fe  and  yet  is 
not  detected  by  ESR,  it  seems  reasonable  to  conclude 
that  it  is  due  to  a  dipolar  defect  involving  Fe  in  a 
valence  other  than  3*.  Further  work  will  be  required 
to  establish  the  nature  of  this  center. 
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The  remaining  defects  to  be  discussed  are  those 
that  produce  the  S-  spectrum  In  ESR  and  the  195  K  peak 
in  DR.  It  is  tempting  to  regard  that  these  are  both  ! 
the  same,  namely  the  Fe-OH  defect.  The  association  of  ! 
the  S_  spectrum  with  this  defect  has  already  been 
established.  In  the  case  of  the  195  K  peak,  the  fact 
that  it  i s  present  without  irradiation  (except  for  the 
Na-swept  sample)  and  yet  Increases  upon  irradiation  is 
strongly  suggestive  of  a  proton-related  defect. 

However,  the  relative  Intensities  of  the  S2  spectrum 
for  Na-,  Ll->  and  H-swept  material  both  before  and  after 
Irradiation  does  not  correlate  well  with  the  strengths 
of  the  195  K  peak.  For  example,  the  S.,  has  a  strong 
intensity  following  irradiation  of  a  Na-swept  sample, 
while  the  195  K  peak  is  absent  for  this  condition  (see 
the  last  entry  in  Table  1  ).  Accordingly,  we  cannot 
claim  that  the  simple  Fe-OH  defect  is  responsible  for 
the  195  K  peak. 

.In  conclusion,  the  simultaneous  use  of  two  major 
techniques  for  the  study  of  Fe-related  defects  in 
quartz  has  better  enabled  us  to  sort  out  the  wide 
complexity  of  defects  in  such  crystals,  but  further 
work  remains  to  be  done  to  answer  some  of  the  questions 
raised. 
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I.  INTRODUCTION 


The  work  under  this  contract  has  been  concerned  with  developing  an 
understanding  of  the  crystal  defects  present  in  quartz  crystals  that  give 
rise  to  frequency  instabilities.  The  work  has  given  rise  to  four  papers 
that  are  appended  to  this  report  and  to  material  for  an  additional  paper 
that  has  yet  to  be  written.  Here  we  will  first  briefly  summarize  the 
contents  of  the  attached  papers  and,  in  the  next  section,  will  give  the 
principal  results  of  the  newest  work. 

Paper  1,  presented  at  the  40th  Annual  Frequency  Control  Symposium  deals 
with  the  use  of  low-temperature  dielectric  relaxation  to  3tudy  the  changes 
that  occur  during  X-ray  irradiation  and  subsequent  annealing  of  Na-swept 
quartz.  Of  special  importance  is  the  ability  to  follow  changes  in  the  two 
loss  peaks  due  to  Al-Na  defects,  and  the  development  of  an  "irradiation 
peak".  Detailed  defect  models  are  developed  involving  Al-Na,  Al-hole  and 
A1-0H  centers. 

Paper  2,  presented  at  a  Materials  Research  Society  Symposium,  looks  at 
irradiation  effects  not  only  on  the  dielectric  loss  peaks  but  also  in 
producing  "radiation-induced  conductivity",  i.e.  an  enhanced  electrical 
conductivity  in  the  temperature  range  up  to  260°C  with  an  activation  energy 
of  0.29  eV.  It  appears  that  the  enhanced  conductivity  is  due  to  electron 
holes  behaving  as  small  polarons. 

Paper  3,  published  in  Physical  Review,  makes  a  detailed  study  of  the 
low-temperature  dielectric  relaxation  peak  produced  upon  irradiation  of 
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quartz,  and  earlier  designated  as  the  "irradiation  peak".  By  careful 
comparison  with  the  EPR  spectrum  due  to  the  Al-hole  center,  it  was 
conclusively  shown  that  the  irradiation  peak  is  due  to  the  Al-hole  center, 
with  tne  hole  located  on  the  adjacent  "long-bond"  oxygen  atom.  This  center 
is  further  shown  to  reorient  by  a  one-phonon  tunneling  process  below  6°K 
and  by  a  multiphonon  process  above  this  temperature.  The  effect  of  phonon 
scattering  by  crystal  defects  is  also  demonstrated.  It  is  felt  that  this 
paper  constitutes  an  important  contribution  to  the  basic  physics  of  the 
subject . 

Paper  4,  presented  at  the  4lst  Annual  Frequency  Control  Symposium 
presents  our  work  on  Fe-doped  quartz.  This  paper  compares  the  Fe  centers 
seen  by  EPR  measurements  (S^S^S^  centers)  with  those  Fe  centers  giving 
rise  to  dielectric  relaxation  peaks  (the  20,  99,  138  and  195  K  peaks).  The 
99  and  195  K  peaks  which  are  widely  present  in  Fe-doped  quartz  could  not, 
however,  be  correlated  with  any  of  the  EPR  centers,  and  their  identity 
remains  obscure. 
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II.  RECENT  WORK  ON  Fe-DOPED  QUARTZ 


The  most  recent  work  on  Fe-doped  quartz,  following  that  described  in 
Paper  is  aimed  a*-  trying  to  identify  the  99  K  and  195  K  dielectric 
peaks.  In  this  work,  further  collaboration  between  our  laboratory,  the 
group  doing  EPR  measurements  at  Oklahoma  State  University,  and  H.G.  Lipson 
at  RADC  Hanscom,  carrying  out  measurements  of  IR  absorption,  were  involved. 

In  order  to  better  identify  the  Fe-containing  centers  that  are  present, 
we  have  carried  out  a  series  of  gamma-ray  irradiations  and  anneals  on  the 
Fe-doped  samples.  The  work  on  dielectric  relaxation  and  EPR  were  carried 
out  on  identically  treated  adjacent  samples,  while  the  IR  was  on  a  similar 
sample  identically  irradiated  and  annealed.  Figure  1  shows  the  results  of 
irradiation  for  the  various  centers  on  a  plot  in  which  the  intensities 
measured  (heights  of  dielectric  peak  or  intensity  of  EPR  spectrum)  are  all 
normalized  to  unity.  Shown  are  the  99  K  and  195  K  dielectric  peaks  and  the 
SI  and  S2  EPR  spectra,  as  well  as  the  Al-hole  EPR  spectrum.  Note  that 
Al-hole,  S2  and  195  K  peak  all  increase  with  irradiation  while  the  SI  and 
99  K  peak  decrease. 

Figure  2  shows  the  results  of  1/2  hour  annealing  at  various 
temperatures ,  again  using  normalized  intensities.  Cleanly,  all  centers 
that  increased  upon  irradiation  decrease  upon  annealing  and  vice  versa. 

The  SI  center  is  believed  to  be  due  to  Fe-Li ,  while  the  S2  is  due  to 
Fe-OH.  On  the  other  hand,  the  dielectric  peaks  do  not  correlate  with  these 
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EPR  centers.  Thus,  from  Fig.1,  the  S2  and  195  K  do  not  behave  similarly  to 
each  other.  From  Fig. 2,  the  Si  and  99  K  also  clearly  cannot  be  regarded  as 
identical  centers. 

This  work  is  yet  to  be  completed  with  inclusion  of  the  IR  measurements. 
Upon  completion,  it  is  expected  that  we  will  submit  a  joint  paper  on  this 
study  of  Fe-doped  quartz  to  the  Journal  of  Applied  Physics. 
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